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PREFACE 


This  technical  report  was  prepared  by  the  Therraophysical  and 
Electronic  Properties  Information  Analysis  Center  (TEPIAC) ,  a 
Department  of  Defense  Information  Analysis  Center.  This  Center  is 
operated  by  the  Center  for  Information  and  Numerical  Data  Analysis  and 
Synthesis  (CINDAS) ,  Purdue  University,  West  Lafayette,  Indiana,  under 
Contract  No.  DLA900-79-C-1007  with  the  Defense  Logistics  Agency 
(DLA) ,  Alexandria,  Virginia,  with  Mr.  J.  L.  Blue(Hq.  DLA)  being  the 
IAC  Program  Manager,  and  under  the  technical  direction  of  the  Army 
Materials  and  Mechanics  Research  Center  (AMMRC) ,  Watertown, 
Massachusetts,  with  Mr.  Samuel  Valencia  being  the  Contracting 
Officer's  Technical  Representati ve . 

This  is  a  state— of-the-art  report  on  the  therraophysical  and 
electrical  properties  of  metal  matrix  composites,  aiming  at  presenting 
all  the  available  data  and  information  on  all  the  properties  covered 
by  TEPIAC.  However,  data  and  information  have  been  found  only  for 
five  properties  and  eight  groups  of  metal  matrix  composites.  The 
available  data  and  information  are  presented  in  this  report  in  a 
comprehensive  and  detailed  form  making  it  possible  for  all  interested 
users  of  the  data  to  have  access  to  the  original  data  without  having 
to  duplicate  the  laborious  and  costly  process  of  comprehensive  search 
of  the  literature  and  meticulous  extraction  of  the  data  and 
information. 

Ti.e  data  contained  in  this  report  have  been  obtained  from  a  total 
of  41  technical  reports  and  papers,  ZZ%  of  them  coming  from  foreign 
sources.  It  is  suspected  that  a  significant  number  of  more  recent 
reports  generated  under  DOD  sponsorship  have  not  been  reported  to  the 
DDC  and  therefore  are  not  readily  available.  A  special  effort  will  be 
made  in  the  future  to  uncover  such  reports  if  they  exist. 

It  is  hoped  that  this  work  will  prove  useful  to  engineers  and 
scientists  working  on  various  engineering  research  and  development 
programs.  As  metal  matrix  composites  are  candidates  for  structural 
materials  for  aircrafts  and  spacecrafts,  this  report  should  constitute 
a  valuable  source  of  data  and  information  for  aerospace  industry  as 
well  as  defense  applications. 

It  is  our  pian  to  update  and  upgrade  this  report  periodically 
through  the  critical  evaluation  of  the  raw  data  reported  herein  and 
from  any  additional  sources  that  may  come  to  our  attention. 


Y.  S.  TOULOUKIAN 
Director  of  CINDAS 
Distinguished  Atkins  Professor 
of  Engineering 
Purdue  University 


West  Lafayette,  Indiana. 
December  1979 
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INTRODUCTION 


The  purpose  of  this  report  is  to  present  the  available 
experimental  data  and  information  on  the  thermophysical  and 
electrical  properties  of  metal  matrix  composites.  These  data 
have  been  found  as  a  result  of  ar.  exhaustive  search  of  the  DDC, 
NTIS,  and  TEPIAC's  own  data  banks.  The  resulting  data  are  from 
research  documents  published  over  the  period  1957  to  1979. 
Although  the  literature  search  was  aimed  at  seeking  data  for  all 
the  thermophysical  and  electronic  properties  of  metal  matrix 
composites,  there  are  only  five  properties  for  which  data  have 
been  found.  These  are  the  thermal  linear  expansion,  thermal 
conductivity,  specific  heat,  thermal  emittance,  and  electrical 
resistivity.  Furthermore,  most  of  the  data  are  for  the  thermal 
'inoar  expansion.  There  are  eight  groups  of  metal  matrix 
composites  for  which  data  have  been  found:  these  are  the  various 
composites  of  aluminum  and  aluminum  alloy  matrices,  copper 
mat-ix,  lead  matrix,  magnesium  matrix,  nickel  and  nickel  alloy 
matrices,  titanium  and  titanium  alloy  matrices,  tungsten  matrix, 
s’-'d  zinc  matrix.  Most  of  the  data  are  for  aluminum  and  aluminum 
alloy  matrix  composites.  No  attempt  has  been  made  to  evaluate 
the  compiled  data  at  this  time. 

The  organization  of  this  report  is  as  follows.  Each  chapter 
is  for  the  thermophysica 1  and  electrical  properties  of  a  distinct 
group  of  metal  matrix  composites  and  she  chapters  are  arranged  in 
the  alphabetical  order  of  che  various  metal  matrices.  Within  a 
chapter  each  section  is  for  a  particular  kind  of  fiber,  filament. 


wire,  or  whisker.  Within  a  given  section  the  data  for  each 
property  are  presented  in  both  tabular  and  graphical  forms  and 
the  order  of  the  properties  is  arranged  such  that  the  property 
with  the  more  abundant  data  cooes  first.  Before  presenting  the 
numerical  data,  a  short  discussion  of  the  data  together  with 
references  is  given,  which  is  followed  by  a  data  table  and  one  or 
more  figures.  Thus  each  section  constitutes  a  self-contained 
unit.  In  the  data  table  each  data  set  is  accompanied  by  a 
statement  pertaining  to  the  sample  identification,  specification, 
and  remarks.  In  the  figure  all  data  for  a  given  property  are 
shown  except  where  the  data  points  are  too  close  together;  in 
such  case  some  of  the  data  points  may  be  omitted  from  the  figure 
for  the  sake  of  clarity  and  these  omitted  data  points  are 
indicated  in  the  data  table  by  asterisks.  In  addition,  when 
•here  is  only  a  single  data  point  available  for  a  property  of  a 
met? I  matrix  composite,  no  figure  is  given  for  that  property. 

The  technical  terms,  symbols,  and  units  used  in  this  report 
are  defined  below: 


AL/L, 


Specific  heat,  in  J  kg"xK‘ 


Thermal  linear  xpansion,  in  55 


change  in  length  of  a  material 
compared  to  a  reference  length 


L0  reference  length  of  a  material 


at  293  K 


T  Temperature,  in  K 

e  Thermal  emittance.  dimensionless 

X  Thermal  conductivity-  in  W 

p  Electrical  resistivity,  in  10~3Q  m 

Data  on  the  thermal  linear  expansion  are  given  as  percent 
elongation,  AL/L0(S5).  In  order  to  compare  all  the  available  data 
from  the  literature  on  the  same  basis,  the  thermal  expansion  has 
been  arbitrarily  set  to  zero  at  293  K,  which  is  the  reference 
temperature.  In  cases  where  the  reference  temperatures  used  by 
the  authors  are  different  from  293  K,  the  data  are  corrected  such 
that  the  AL/L0(%)  value  at  293  K  is  zero.  This  correction  factor 
used  is  called  zero  point  correction  and  is  given  in  the 

"Specifications  and  Remarks’  column  of  the  data  table. 

* 

An  Index  to  Materials  and  Properties  at  the  end  of  this 
report  will  assist  in  the  rapid  location  of  information  on 
materials  and  properties  for  which  data  are  reported. 
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CHAPTER  1 


ALUMINUM  AND  ALUMINUM  ALLOY  MATRIX  COMPOSITES 
1.1.  BORON  FIBER.  ALUMINUM  MATRIX  COMPOSITE 
THERMAL  LINEAR  EXPANSION 

There  are  14  data  sets  available  for  the  thermal  expansion 
of  boron  fiber  aluminum  matrix  composites  [1.2].  Wolff  and  Hill 
Cl]  reported  the  data  for  composites  with  10,  30,  and  60  volume 
percent  continuous  aligned  and  discontinuous  random  boron  fibers. 
Salibekov  et  al.  [2]  reported  data  for  both  heating  and  cooling 
cycles  for  composites  with  10  and  30  volume  percent  boron  fibers 
in  the  directions  parallel  and  perpendicular  to  the  fiber  axis. 
Salibekov  et  al .  [2]  observed  a  permanent  contraction  of  about 
0.12  after  a  heating  and  cooling  cycle  and  the  thermal  expansion 
perpendicular  to  the  fiber  axis  being  about  four  times  higher 
than  that  along  the  fiber  axis  at  730  K. 

THERMAL  CONDUCTIVITY 

There  are  two  references  [1,3]  in  which  the  thermal 
conductivity  of  boron  fiber  aluminum  .matrix  composite  are 
reported.  Ref.  [1]  reported  values  for  a  composite  of  low  fiber 
content  as  a  function  of  temperature  (~  326  -  366  K).  Ref.  [3] 
reported  .the  change  of  thermal  conductivity  -  value  with  fiber 
volume  content,  and  with  heat  flow  direction  (parallel  and 
perpendicular  to  the  fiber  direction). 


ELECTRICAL  RESISTIVITY 


Only  two  sets  of  measurements  on  the  electrical  resistivity 
of  an  aluminum-boron  composite,  containing  60  volume  percent 
uniaxial  boron  fibers,  have  been  reported  from  78  to  400  K  with 
the  electrical  current  parallel  and  perpendicular  to  the  fibers 
from  [4].  Both  transverse  and  longitudinal  resistivities 
approach  a  linear  behavior  at  higher  temperatures.  However,  at 
low  temperature  there  is  a  noticeable  difference  with  the 
longitudinal  resistivity  exhibiting  a  normal  metallic  behavior. 


REFERENCES 


Wolff.  E.G.  and  Hill.  R.J.,  U.S.  Air  Force  Rept.  AFML-TR-67- 
140,  163  pp.,  1967.  [AD-816  439] 

Salibekov,  S.E.,  Portnoi,  K.I.,  and  Chubarov,  V.M. ,  High 
Temp.,  10(4).  702-6,  1972. 

Chamis,  C. ,  NASA  Rept.  TN  D-6696,  27  pp. ,  1972.  [N72-18582] 

Abukay,  D. .  Rao ,  K.V. ,  Arajs,  S. ,  and  Yao,  Y.D. ,  Fibre  Sci. 
Techno  1 .  .  10(4).  313-8,  1977. 


■  " 

1*  «"  *  . 

•3  ^ 

*0  H 

•o  H 

•3  H 

*3  H 

p  to 

c  to 

C  <0 

P  CO 

C  CO 

*  : 

©  0) 

«  0) 

©  0) 

©  0) 

©  0) 

'  1 

H 

H 

rt 

rl 

H 

-  ,  T 

* 

© 

• 

© 

© 

\  *  . 

*  » 

•  • 

•  • 

•  © 

•  © 

t*  « 

C3  • 

a  • 

o  • 

C3  ♦ 

CS  • 

k*.  -  ’(• 

*0 

n 

*3 

*0 

*-•*  «*  ■ 

• 

• 

• 

• 

• 

w  • 

w  • 

w  • 

w  • 

w  • 

m" 

K 

X 

X 

X 

OS 

;■ 

* 

* 

© 

• 

• 

f 

V*  * 

v.  * 

c©  • 

^4  • 

.  4 

V. 

Vi  — 

Vi  — 

V.  — 

V.  — 

r— 4  •— 4 

©4 

^  ©4 

■  i 

O  *H 

0  *H 

0  *H 

0  -H 

0  *H 

»  ■**.  ’■ 

X  X 

X  X 

X  X 

X  X 

X  X 

u 

N  © 

:» 

-D  —• 

X 

,fe  *  -F 

v  3 

•H 

*  *- 

•3  ©  X 

w 

■  v  ■* 

©  C  3  © 

p  • 

•3  . 

c 

4 

coo*  to  x 

O  w 

c 

© 

•  ”  \H* 1 

t>«  a  « 

V  1 

« 

•3 

•f*  O  •*  #  3  *0 

0  X 

*,  * 

55 

•— «  W  A)  ®  • 

XXV. 

X  « 

X 

‘t  ■  ’-1 

O 

a  i  c  ©  x  x 

Oi 

X  V 

X 

■  _  l  \  * 

hH 

M  4)  <i  >  a  c 

©MX 

•  « 

« 

1 

to 

«  V.  B  0  « 

o  — 

O  X 

o 

S'. 

3  «  «  -  x-h 

X  « 

X  -H 

X 

< 

o  a  .a  ►  *o  «  o 

©  a 

«  V. 

© 

* 

a. 

3  3  —  3  •  fci  *H 

• 

3  CO 

’  '"V-! 

X 

C  —  «  -U  c. 

• 

«  *- 

•  a  • 

« 

c*  * 

u 

•H  o  «4  ©  V  ©  4- 

> 

>  o 

>  o  «• 

> 

x  >  to  •  ox© 

o 

o  >  >» 

O  *3  i 

o 

.  "% 

Of, 

P  -H  8  XX  0 

X 

M  X 

x  c  X 

X 

< 

o  o  ©  o 

© 

©  O  -H 

©  ©  v» 

© 

u 

u  h  h  B 

«4  W 

1© 

S5 

x  a.  o  c 

« 

«  c 

•  X 

« 

v.  |T7( 

IH 

x  -  -h  «  X  V  © 

X 

X  ©  • 

X  «  — 

X 

‘■t 

j 

X  (ft  ©  S  0  V.  « 

X 

X  3© 

X  3 

4)  • 

u  c  o  c  6 

o 

o  to 

0) 

,%  *.  ’•* 

►j 

>  «  ©  X  *3 

o 

O  3  TJ 

O  3  CD 

0  1 

V 

< 

X  *0  ©  P  •  Vi 

X 

X  c  c 

X  c  «-* 

X  X 

s 

e^w  --«oxo 

•H  © 

♦H 

V. 

SK 

3  V«  •  *H  *H  © 

u 

V  X 

V  X  >> 

V 

W 

C  ©  *0  X  —  © 

© 

©  c  « 

©  C  X 

©  X 

X 

•H  c  L.  O  3  « 

—  0  V 

*-•  O  *H 

©4  ©4 

HI 

a  o  ©  ©  •  o  3 

•H 

•HO© 

•HO© 

•H 

3  L  X  X  V  —  ~ 

e  ■ 

a  ©  x 

a  «  c 

a  to 

•-<  O  *H  3  *H  ©  © 

•H 

•H  *H  *H 

•H  *H  © 

*H  (0 

-r, 

<  X  <h  X  T)  O  > 

CO 

CO  *3  V 

CO  -3  *3 

CO  th 

V 

v* 

Vh*MJ 

O 

o  co  to  o 

O  <0 

O  CM  X  to 

O  CD  0)  CM 

O  CO  CM  o 

j 

O  (0  (0  to 

o  to  ^  CO 

O  CM  CD  0) 

o  <n  co  e 

O  O  CD  CO 

*  ■' 

\ 

j 

OOrtffi 
•  •  •  • 

O  O  <-*  H 
•  •  •  • 

O  H  H  M 
•  •  »  « 

Ort'TN 
•  •  •  « 

O  *•«  CO  Is- 
•  •  •  • 

< 

o  o  o  o 

o  o  o  o 

o  o  o  o 

o  o  o  o 

c  o  o  o 

* 

CO  <0  1 0  0) 

co  t-  h  o) 

CO  H  CM  0) 

CO  CO  to  © 

CO  to  O  0) 

** 

H 

0)1)009 

0)  H  H  CO 

0)  H  CM  CO 

0>  CO  O  CO 

0)  to  to  CO 

. — — 

CM  <0  to 

cm  co  to 

cm  co  to 

CM  CO  to  to 

CM  CO  V  to 

n 

r— i 

m 

m 

n 

■  #■  - 

H  H 

CM  T-» 

CO 

to 

0  0) 


«  s  • 

>  On 
O  *0  l 


M  « 

t 

0  X 
X  E  U 
0.  3 
0  —  X 
O  O  — • 
X  > 

0 

O  ID 
0  CD  r-t 
> 

o  -o  >» 


•  M  * 

w  > 

•  O  CM 

-u:  1. 

>  rt  0) 

O  *X  «H 

x  -h  3 
0  o  x  - 
X  c  o  • 

*H  4-)  2 

—  U  *0 
HOC' 
(0  ft  0  > 


*H  (ft 

o  u  •» 

C.  0  (ft 

S  >>  0 

3  E  0  X 

C  C  3  -  0  w 

•h  O  C 

a  *rl  *H  0  ft  X 

3  («  <fl  a  x  0 

-  *h  3  3  0  a 

0  u  —  c  a  0 

=t  u  0  U  L 

W  O  -H  0  (0  0 

O  tf  U  X  XU 

0  «-•  o  —  x  a  o 

E  -  0  (ft 


3  U  0  0 
—  O  B  C 


0 

«T  o  >» 
E  O 


J-.  T3  -h  x  x  0 


X 

X  C  X 

x  0  x 

>  0  0  c 

0  t*  •* 

0 

0  0  U 

0  C  U 

0X300 

3  *0 

«* 

M  (ft 

O  X  X  X  U  00 

Co© 

0 

0  X 

0  .h  c 

H  *H  0 

O  o  -H 

X 

X  (ft  — 

X  —  © 

0  0  0  X  C 

<4  0 

X 

X  3 

X  0  u 

0  0  -H  0 

C  0 

O  © 

u  o.  >>  u  u  a 

«J  -*  X 

o 

O  3  © 

O  0  TJ 

0  e  x  o  h 

•  c 

X 

x  c  >-« 

X  3  C 

X  O  CO 

C  -  0 

c 

1.4)  >1 

l.  3 

0 

0  C  X 

0  C  0 

—  OH 

—  *H  C 

•H 

•H  O  0 

•H  X  0 

E 

E  0  C 

E  C  X 

•rl 

‘H  *rl  $ 

•H  0  *H 

W 

MTCO 

W  o  u 

•rtOT>*3O0‘rtCE 
U  0  C  l.  ft  n  0 
XC3O0'3Et. 


C  -h  0  O  X  0  3 

O  C  ft  ft  XX  •  (ft 
ujj0eu(ft0M0 
O0UOC0000 
05EftO0xx*O£ 


♦ 

o 

o  0)  ©  © 

o  cm  © 

O  T  «H  © 

O  H  H  0) 

ft 

J 

O  ©  *-(  © 

O  ©  ©  «-( 

OKOh 

o  ©  o  o 

0 

\ 

O  O  H  H 

O  O  u  CM 

O  u  •0’  ^ 

OOrtN 

ft 

< 

oooo 

oooo 

oooo 

*  ♦  ♦  ♦ 

OOOO 

o  id  o)  r-  oo 
o  o  «-«  © 
O^fiNN 


CO  (0  (D  0) 
0)  ©  (D  CO 
CM  CO  ’T  © 


CO  ^  ©  © 
0!N»® 
CM  CO  ID 


©  I-  ^  'T 
0)  t'  V  0) 
CM  CO  ©  © 


W  0)  ©  © 
0>  ©  O  © 

cm  co  © 


o  o  o  o  o  o 


COCM'TlDtttoCM©© 

0)©«Ht*>CMr",T^«-( 

CMCO'J'^riDtOffl©!-- 


di latometry ; 


I 


« 

* 

X 

c 

41 

•H 

W  0 

r-4 

C  S  -H 

0  0 

O  0 

0  "H 

~  u  c 

o 

0  «M  O 

c 

4 1  0 

0  13  X 

a.** 

41  #  O 

«  X 

C  41  0 

o  o 

®  o  u 

X  « 

b  a  u 

0  L. 

QUO 

o 

U  41  O 

«  o 

3  x 

•  >  o 

0  «  41 

o 

0.  C 

X  X 

®  0  *H 

0  C 

8  41  O 

0  a 

•  o 

« -o 

x  a 

O 

X 

O  ••  O 

o 

>.  0  • 

o  u 

o  -rt  N 

X  « 

X  * 

N 

M  0  H 

0 

C  •  CM 

0  •* 

•H  U  X  O 

~  « 

41  «  0.0 

♦H  ^ 

0X0- 

s  o 

«  *H  O  O 

*H  >> 

X  4*  “0  J 

M  O 

|*‘C9C\JOflOC'JOCM^C9lO 
O'M'f'-OW^^IDCO  O.CM 
OOOhhhNNNOW 


a 

3  X 
—  C 

0  *H 

>  o 

a 

o 

(9  0 

f« 

41  V 
0*  N 

« 

o  •* 

X  * 

«  ~  . 

O  K 
«  >>CM 

>  O  O 
0  O 

x  «  • 

4  c  o 

•H  | 

•  41 

X  0  0 

41  ®  -rH 

X 

o  c 

X  •»  O 

0  *rt 
U  U  41 

0  ®  o 

—  X  ® 

•HU*. 

s  v.  u 

•H  O 

W  W  O 


ohow^©ffl*f 

OOHHrlrlHW 


ooooooooooo  oooooooo 


hOOrlfflCH'frlNW 

OCO^rW^TOOOOlD^ 


C9CDl^lO<DOOtD<D 

ffllflrthWOIDO 

WCOV’S’ID©©!'' 


*4  CM 
%— » 


Mca 


784  0 . 239 
774  0.245 


5 


£ 

£ 


ft 


f-; 


►* 

t- 


*— » 

to 


to 

u 

05. 


O 

M 


T3 

© 

c 


o 

w 


X 

c 

o 

o 


w 

D  t- 
Z  M 

c  to 
o 

tO  ou 

w  s 
o 


t- 

05 

W 

0, 

o 

05 

&4 


o 


os 

H 

< 

z 


j 

<z 

03 
W  a 

tO  W 
►•  Z 
z  p 
o,  J 
o  < 
z 

til  * 
W  05 
XU 
f-  CQ 


W  fc. 
X 

t-*  Z 
O 
Z  05 

o  o 
to 

< 

t-  ft. 

<  o 

p 


w 

>4 

ro- 

< 


t, 

<0 

« 

>- 


a 


u 

o 

x 

x 

3 

< 


V) 

45 

U 


e 

© 

os 


•o 

c 

(0 


tft 

c 

o 


-p 

o 

•H 

Ct 


4> 

c 

o 

o 


25 

O 


CO 

z 

< 

0, 

X 

w 


o 

© 

a 

to 


a 

o 

t. 

a 


a 

e 

© 

£-• 


43 

Or-i 

to  • 
c« 

<0  « 
43  a 
0  *— * 
p 


os 

< 

w 

z 

I— ? 

p 


z 

05 

w 

I 

H 


J 

< 


W 


w 


to  w 

f- 

-0). 
>  «4 

o 

45  - 
©  • 
43  — 
•H  (0 


to  w 
h* 
-0) 
>•  tH 

o 

45  * 
©  • 
43  r-> 
•H  t0 


(0  4> 
W  © 


bO 

c 

•H 


o  « 

O  *H 

o 

c 

43  O 

a-H 

«  43 

o  o 


© 

u 

u 

o 

o 


« 

> 
o 

43  43 

©  c 

•H 

©  o 


X 

43 


O 

4> 


O 

u 


u 

ts 


N 


•«  v> 

«  CM 


S  O  O 
ft  3»  • 

to  o  o 


.* 


e 

►4 


I 


«  N 


(0 

(0 


43 

© 


(0 


3 

43  O 

a  *H 
V  T3 
X  C  X 

«  c 
a  f* 


a  i, 

©  « 


o 
x 
©  « 


o 

a 


© 

> 

o 


o 

u 

•  • 
M  M 
O 
-  CM 
v>  o 


© 

X 

X 


X 

e 
« 
fi 

c 

b 

3  X  O 
</>  © 

w 

(<  "H 
8  © 

O  X  c 

X  0  'H  O 
C4.-H 
L  It  X 

a  «  o 

—  ©  x  © 

•H  «-•  X 

6  o 

•H  O 
W  o  X 


u 

u 

o 

o 


N^fflNONCDHhO) 

ocot^f-t'^rt'oo^rw 

OOOHrtrtNNNftf 


oooooooooo 


NOroH^NOfflOrtOlOCO 

■HCj^rowropoP'irwcyj'T 

OOHWO«0t!Oh(J)^ftlt) 


0000000000«f4>H 


ONrtOO^OOlhHl1 

©tO'TOf-TOXOOr- 


O)COh0)hNOON^hJsO 

W«(OC0'r'f'TIOB)(D®<DN 


*T  « 

•j-4  *— > 


>* 


t- 

O 

P 

n 

z 

8 


< 

>: 

K 

U 

X 

£-* 


f4  «4 


*  _  ^  .*w>. 


■  •*  -■-- q- 


327  58.  Prepared  by  hot-pressing  continuous  Wolff,  E.  G.  and 

327  50.  boron  fiber  mats  and  aluminum  foil;  Hill,  R.  J.,  1967 

349  37.  plates  about  5  in.  x  5  in.  were  hot 

366  33.  pressed  at  932°F  and  4000  psi ;  fiber 


w 

» 

3S 

o  c 

M  *H 

OS  x 

h  c 
o  o 
01  o 

an 

55  M 

<ta 
o 
w  u, 
us 

M  O 
HO 
as 

W  X 
0.  *-« 
O  OS 
OS  H 

cu< 

«2 

Si 

W  W 
H  2 

x  a 
tu  -J 
o  < 
2 

OS  * 

m  os 

X  w 

h  m 


a  >  •  a 
m 

»  •  ♦ 
>»x  *>• 
<t  a 

jt  *  — »  * 

3  o  «  o 
,a  <  k  < 
<  OS  <  H 


0 

4> 

c 

H  XX  O 

<D  O  d  O. 

•  c  X  _ 

CM  «f  0  *  0 

O  X 

>»  O  ^  < 


•H  H  l( 

a  D  A  ®  x  •* 

G  ®  X  (0  0 

«  c  *0  0  •  v 
•O-H  c  x  •  • 

_C  ®  ®  XX 
»«.  O  iC  *rl  At 

w  «s  x  >»x  Vi  «s 

2sS-°»oU 

Cvi-d  x 

jj  «)  0*0  fi 

c  a  ^  v  o  v  o 
®  -h  3X«k 
4J  o  0  X  —  Vi 

c  o  o  o  «  s 
o  a  ®  a  o  *d 


o  p.  ® 
o  a  v  a 

• 

®  ~X  - 


•H  V 
kD4) 
8$  C  q 


go  ®  X  X  «  a 
31  SO  I  ft  k 
—  g,  t£  i  -  X  V  X 
O  O  -*X  3  O  X 

>  st-o  x  o  o.  ® 


•  ®  o  a 

x  ^  X  X 

•h  cd  e  >>  * 

Vi  •  BXK) 

CM  * 

•®  «h  *o  ••  • 

M  V  X  V  o  0. 

c  •  -rt  C  3  X  a 

•H  X  0  •»«  *  X  V 
X  -n  C  0  •  ■» 

(IK.  «X  o  E 

«{  *o  o  a  s 
o  a  c  vo 

O  •{'*H  •  H 

BDM  Jbexv. 
3  C  O  O  I 

saw  „  x^ 

O  V  C  X  3  • 
It  X  ®  X  o  X 

>  a  c  a  o 
3  « -n  x  •  a 

>»  o  X  O  O  X  V 

x  3  e  ®  c  a  x 

C  o  gi-HX  X 

•d  -h  o  a  a  • 

OX  *  I 

L  c  ®  ••  »-4  >>  0 

a  o  S«  A  -ox 

q.  O  3  •  m  C 

t  ()H  E'fl  H 

u  -H  O  O  C  X  o 
o«  *o  >  *•  a  a  x 


o  x  a 
V  x  3 
o  ~  p 
x  a  *h 
•  c  s 
a  c  *  3 


«  v 

i  s  a  ® 

«  o  -  -H  C  X  •« 

•d  «-•  —  ■  o  x  v 
it  it  a  a  v,  o 

a  x  o  v  *h  ’o 

,H  o  o  c  c 


■|s|-  *ci3flC*|** 

5#oxo^aa-c«  • 
i  oS  o  °  v  v5  aS-d 
o  a  *  *  x  to  g«  ®  ®  8  ..2 


A  a  ••  4il  VU  H  "  v  T  "  .4  ,» 

°2£§a®i^2*so  a!3-f 

45  c-d  a  exx  X  c  ag  *  a-<  ° 
^  c  o  S  OHO)  v*®  .©i  w-d- 

c  c  a  v  a  a  >,x  « 

»*]5o0x  oxcv.o  oax 
M  °  o  '-X’osoxax 

ooaiHV.ox*HOgc  ®w 

i°2^°ot>ao®°oo*H 

»S'c1rs?l'Sl£S«0‘S 

SS'SSSSSgS^SSS.SS 


hwidhwoooowo 

oS^hwocoohococo 

a  rH'riwNOIDtO^^^^S 


mnoOOOOOK^OO 

/.  NOCJ^'®r,'^®00^0 


al  resistivity. 


TABLE  1.  DATA  ON  THE  THERMOPHYSICAL  PROPERTIES  AND  ELECTRICAL  RESISTIVITY 
OF  BORON  FIBEr: .  ALUMINUM  MATRIX  COMPOSITE  (continued) 


shown  in  figure 


TEMPERATURE,  K 

FIGURE  3.  ELECTRICAL  RESISTIVITY  OF  BORON  FIBER 
ALUMINUM  MATRIX  COMPOSITE. 


FIBER  VOLUME.  % 

THERMAL  CONDUCTIVITY  OF  BORON  FIBER 
ALUMINUM  MATRIX .COMPOSITE. 
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1.2.  GRAPHITE  FIBER,  ALUMINUM  MATRIX  COMPOSITE 

THERMAL  LINEAR  EXPANSION 

Salibekov  et  al.  [1]  reported  thermal  expansion  data  for 
composites  containing  45  volume  percent  graphite  fibers.  Thermal 
expansion  of  this  composites  increased  upon  heating  to  150®C, 
decreased  upon  further  heating  to  500°C,  and  the  specimen 
contracted  to  a  constant  value  of  about  0.08?  after  cooling  to 
room  temperature.  The  specimen  upon  a  second  cooling  cycle 
showed  a  similar  but  less  pronounced  trend.  This  unusual  nature 
of  the  thermal  expansion  was  explained  as  due  to  the  relaxation 
of  residual  stresses  in  the  material  which  were  generated  on 
cooling  the  material  from  the  sintering  temperature  (1000°C). 
These  stresses  compress  the  fibers  and  extend  the  matrix. 

REFERENCE 

1.  Salibekov,  S.E.,  Portnoi,  K.I.,  and  Chubarov,  N.M. ,  High 
Temp.,  10(4),  702-6,  1972. 
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1.3.  KhiSNIOT  FIBER,  ADI  ALUMINUM  MATRIX  COMPOSITE 


THERMAL  LINEAR  EXPANSION 

Karpinos  et  al.  [1]  reported  thermal  expansion  data  for  ADI 

aluminum  (  >99.3%A1 ,0.35%  Si,  0.05%  Cu,  and  0.03%  Fe  )  reinforced 

with  12  and  20  volume  percent  Khl8N10T  (  Russian  equivalent  of 

AISI  321  stainless  steel  )  fibers.  Introduction  of  fibers  into 

the  matrix  and  increasing  its  concentration  caused  the 

o 

coefficient  of  thermal  expansion  te  decrease  mono ton i cal ly. 
Karpinos  et  al .  [1]  stated  that  the  angle  between  the  fiber 
direction  in  a  specimen  and  the  specimen’s  longitudinal  axis 
strongly  affects  the  coefficient  of  thermal  expansion. 

THERMAL  CONDUCTIVITY 

The  thermal  conductivity  of  Khl8N10T  fiber  aluminum  matrix 
composite  has  been  investigated  by  Karpinos  et-al.  [2].  The 
fiber  content  of  the  specimens  varies  from  7.5  to  53  volume 
percent.  The  thermal  conductivity  values  over  a  wide  temperature 
range  (~330  -  900  K)  fo^  heat  flow  at  0®,  30®,  60®,  and  90®  with 
respect  to  the  fiber  direction  are  reported.  For  the  sake  of 
clarity,  only  values  for  the  parallel  (0®)  and  the  perpendicular 
(90°)  directions  were  illustrated  in  the  figure.  In  general, 
values  for  intermediate  heat  flow  directions  fall  between  the 
values  for  heat  flow  at  0  deg.  and  90  deg.. 

REFERENCES 

1.  Karpinos,  D.M.,-  Kadyrov,  V.Kh. ,  Klimenko,  V.S.  ,  Fefer, 
V.Ya .,  and  Miroshnikova,  T.K. ,  Sov.  Powder  Met.  Metal. 
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FIGURE  7.  THERMAL  CONDUCTIVITY  OF  KH18N10T  FIBER 
ADI  ALUMINUM  MRTRIX  COMPOSITE. 
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1.4.  QUARTZ  FIBER,  ALUMINUM  MATRIX  COMPOSITE 
THERMAL  LINEAR  EXPANSION 

Salibekov  et  al.  [1]  reported  a  value  of  0.55  x  10"*  K“l 
for  the  instantaneous  coefficient  of  thermal  expansion  at  room 
temperature  for  a  composite  containing  70  volume  X  aluminum 
matrix. 

REFERENCE 

1.  Salibekov,  S.E. ,  Portnoi,  K.I.,  and  Chubarov,  V.M.,  High 
Temp.,  10(4),  702-6,  1972. 
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1.5.  U8A  STEEL  FIBER,  ADI  ALUMINUM  MATRIX  COMPOSITE 
THERMAL  LINEAR  EXPANSION 

Karpinos  et  al.  [1]  reported  thermal  expansion  data  for  ADI 
aluminum  reinforced  with  9  and  20  volume  percent  U8A  steel  ( 
Russian  equivalent  of  AISI  W  1  steel)  fibers..  Introduction  of 
fibers  into  the  matrix  and  increasing  its  concentration  causes 
the  coefficient  of  thermal  expansion  to  decrease  monotonical ly . 
Karpinos  et  al.  [1]  stated  that  the  angle  between  the  fiber 
direction  in  a  specimen  and  the  specimen's  longitudinal  axis 
strongly  affects  the  coefficient  of  thermal  expansion. 

REFERENCE 

1.  Karpinos,  D.M. ,  Kadyrov,  V.Kh. ,  Klimenko,  V.S. ,  Fefer, 

V.Ya. ,  and  Miroshnikova,  T.K. ,  Sov.  Powder  Met.  Metal. 

Ceram. (4),  301-3,  1974. 
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THERMAL  LINEAR  EXPANSION  OF  USA  STEEL  FIBER 
ADI  ALUMINUM  MATRIX  COMPOSITE. 


1.6.  GRAPHITE  FIBER, ALUMINUM-201  MATRIX  COMPOSITE 


THERMAL  EXPANSION 

Armstrong  and  Ellison  [1]  reported  12  data  sets  for  the 
thermal  linear  expansion  of  24  and  29  volume  percent  "GY  70” 

graphite  fiber  in  an  aluminum-201  matrix.  The  expansion  studies 
were  carried  out  by  the  Properties  Research  Laboratory  (PRL)  of 

Purdue  University  and  Fiber  Materials  Inc.  (FMI).  Measurements 

were  conducted  on  composites  which  were  diffusion-bonded  at 

pressures  from  3000  to  4000  psig.  The  average  longitudinal  mean 

coefficient  of  thermal  expansion  for  29  volume  percent  fiber 

ranged  from  5. 32x10“ 6  #C-1  ("157®C  to  22°C)  from  FMI  measurements 

and  6.41xl0“6  °C-1  (“157°C  to  22°C)  from  PRL  measurements  to 

6.10x10“®  °C“*  (22WC  to  121 °C)  from  FMI  measurements  and 

5.22x10“®  #C“1  (22#C  to  121°C)  from  PRL  measurements.  Higher 

expansion  was  reported  for  a  composite  with  24  volume  percent 

fiber.  Armstrong  and  Ellison  [1]  also  reported  data  for  a 

specimen  that  was  thermally  cycled  20  and  1000  times. 

THERMAL  CONDUCTIVITY 

There  is  one  reference  [1]  in  which  the  thermal  conductivity 
of  a  graphite  fiber  (GY  70)  aluminum-201  matrix  composite  was 
reported.  The  specimens  were  panels  made  of  aligned,  monolayer 
fibers  coated  with  aluminum-201.  Before  being  consolidated  into 
panels,  the  coated  fibers  were  aligned  and  cladded  in  aluminum- 
2024  foils.  For  some  of  the  panels,  the  fibers  are  encapsulated 
in  aluminum-2024  foils.  The  fiber  contents  of  these  composites 
varied  from  24  to  29  volume  percent.  Thermal  conductivity  values 


for  heat  flow  both  .iv-  the  perpendicular  and  the  parallel 
directions  (to  the  fibers)  were  reported.  Values  in  the  parallel 
direction  are  about  two  times  of  those  in  the  perpendicular 
direction  at  liquid  nitrogen  temperature,  and  increase  to  about 
2%  times  at  450  K. 

ELECTRICAL  RESISTIVITY 

Only  one  reference  contains  data  on  the  electrical 
resistivity  of  aluminum-201  matrix  with  24,  27.75,  and  29  volume 
percent  graphite  fiber  for  temperatures  from  116  to  394  K  [1]. 

REFERENCE 

1.  Armstrong,  H.H.  and  Ellison,  A.M. ,  U.S.  Air  Force  Rept. 

AFML-TR— 79— 4007,  213  pp. ,  1979. 


*0  0) 
c  h* 
©  0) 


tt 

(8 

« 

>* 

r— * 

>* 

8 

t-t 

• 

> 

G 

f*N 

H 

V) 

t- 

09 

V 

w 

1 

u 

l-l 

o 

0 

w 

•  *  H 

X 

M 

X 

OS 

3 

*  Q. 

< 

X  A 

o 

<  E- 

J  - 

O  f« 

\  >> 

t-t  CO 

J  X 

OS  o 

<  .W 

E-*  A 

> 

O  2 

-  ft 

A  O 

C  X 

►J  O 

O  VI 

a 

•H  ft 

X 

(/I  Cl) 

Q  l-l 

c  © 

2  a 

<8  A 

•/> 

<  £-* 

A 

.X 

< 

X  - 

u 

2 

to  >: 

A  (8 

3 

O 

A 

o 

a 

t-t 

t-t  «-t 

(t  ft 

« 

CO 

t-  o 

<6  Ct 

A 

2 

A  CM 

©  X 

< 

01  1 

c  o 

•o 

A 

A  2 

•H  © 

c 

X 

o  o 

.J  f 

© 

M 

A  2 

w 

A  »-* 

ft 

VI 

A 

2 

(6  •- 

c 

< 

P  t-3 

a- 

o 

M 

<  -4 

u  i 

•H 

2 

O  < 

©  id 

X 

t-t 

t-t 

X 

© 

J 

CO  - 

a-  - 

o 

>  w 

i 

ft 

X 

X  A 

•*  a 

A 

< 

A  A 

•H 

2 

o  m 

> 

o 

A 

2  IH 

- 

© 

A 

A  A 

H  * 

A 

X 

W 

X 

CO 

£- 

X  bl 

- 

{-•  H 

«  - 

t-t 

t.  >> 

U  X 

3  X 

X  A 

X  ft 

H  < 

<0  > 

A 

t*  ft 

2  O 

«  X 

O 

A  O 

A 

a  3 

• 

o 

<  O 

©  'O 

A 

X 

t-1 

H  C 

O 

\ 

< 

■  o 

L. 

X 

Q 

o 

A 

< 

a 

fQ 


l- 


© 

S 

u 

© 


A 

E 

© 

H 


X 

r— i 

w  • 

v. 
<4  4) 
X  A 
©  *— > 
P 


-  < 
bo 

C  - 
O  C 
L  O 
X  VI 
VI  ft 
6  — 
it  f 

<  a 


A 

L. 

« 

0 

« 

X 

X 

«  5b© 

« 

u 

>» 

X 

<8  ©  ~ 

o 

•o 

i,  —i. 

^■4 

VI 

«  Cft 

a 

ft 

X  it 

♦H 

c 

«  >  X 

o 

X 

ft 

• 

a  x  > 

> 

XX© 

X 

V) 

© 

>  ox 

5b 

VI 

o 

V 

3  .ft  o 

b|  X 

i.  X 

ft 

A  — 

a 

O  X 

e 

i. 

C  A  X 

c 

bt 

3  •»  ft 

« 

«  -o  A 

(A  O  VI  It 

o 

c 

© 

© 

o 

3 

•ri 

•H 

a 

C 

O  X  A 

>»x 

c 

C  0 

—  O 

O 

V) 

© 

© 

r* 

•ft 

to 

B«8 

X 

3 

•ri 

C  i.  X 

©  o 

© 

©  O 

©  VI  *0  A 

L. 

•H 

a 

VI 

ft 

3  © 

X 

«  X  ©  M 

-*  c 

A 

CO 

C  X  C 

X 

« 

« 

•e 

o 

A 

—  ©  X 

jJ  X  X  X 

o  ft 

a  o 

©  ©  ©  C 

c 

X 

i.  A 

-  3 

« 

•o 

c 

© 


E 

3 


~  >  x 


a 

o 


C  »-t  E 
>03 
©  CM  -* 
t,  o 


c 

o  m*  vi 

EO- 
O 

c 


3  «h 
3  I 
O  O 
KO  MC 


« 

x 


•o 
•*  c 

X  « 

•H  I 
l.  X  i. 

x  x  © 

©  b»X 

E  *H 
V  A 


X 
A 

©  ft 

t.  o  — 
bO  CM  X 

c 

O  5b  © 

N  O  X 

c 

>  — *  o 

13  ©  O 


.■  © 


•  O 

X  o 
•>*S  CM 
X  I 
0.0 
(8  C> 
i.  .-I 


VI  *0  >»  >  -H  o  a 
r.  o 

©  —  l*.  ts  X 
i.  —•  CO  ©  X  CM 
<8 

T» 

a  « 

C  VI  3£«8 
O  >  C 
ft  O  ft  V) 

X  X  6  0 

3  i. 


O  >  O 


<4  © 

(8  > 


C  ft  O 
b#  >  CM 


<8 


5b 

©  o 

*o  — 


A  — 

a  a 
3 
C 

h  « 

(0  © 

A  >  3 
X  — 

(8  0  «»  «t  *0  X 
OX  ft 
WOO  ^  3TJ 
8  O  (TO 
(I  *H  v*  J 


c 

■H  X 


© 

bo 

o 

u 

X 
6  ft 

c 


E  w 

u  © 

rt  x 

>  3 

c 

O  ft 

a 


(A  VI 
(8  © 


>  ft 


©  TJ  — 
(8 


<8  > 


i.  18 

«  — 

>  o 


©  « 

VI  *o 
VI  c 
(8  0 
bOX 
I 


ft  X 


<*>--•  c 

CxO 

».. 

—  «  41 
•  A  3 
0  0-0 
f«  t.  L. 
i*  A  3 
X  A 
5b 


x  i.  a 
u  o 

bC  O  t. 
O  A 


C 

o 

-*  x  *o 
c  © 

■rt  X 

X  o  o 
X  0.  (8 
U 

COX 
ft  U  X 


© 


C  TJ  VI  V) 

©  © 


W'-'  X 


a 

3 
C 

A  "ft  ©  ©  U  — 
s  x  x  ©  •  a 
V  3  —  ©  X  C  3 
C  Ci  0  ft  .8  *”• 

(8  <8  a  o  a 


A  (8 


«  -H 


A  AX 

o 

X  A 

©  © 

o  a  x 

•o 

O 

VI 

N 

a 

c 

*•*  U 

«  x  • 

X 

© 

©  —  X 

•H 

©OX 

3  5b 

c 

X 

i.  O  O 

A 

© 

O  it 

© 

c  © 

3  c  -o 

• 

« 

O 

a 

O  *0 

VI  >»ft 

« 

VI  X 

ATI  X 

« 

•ft 

VI  — 

VI 

©  2 

« 

«  © 

L.  X  EC 

©  x  to 

i.  X  • 

i. 

ft  c. 

3 

O  CM 

U  X  CM 

© 

3  ft 

t-  o 

« 

»  o 

A  bO  *-t 

E 

C  X 

V) 

l.  X 

© 

i.  o 

ft  ♦ 

a 

•h  a 

© 

©  (J 

© 

•H  • 

©  —  o 

•h 

e  « 

> 

O  J 

a  -a  o 

‘M'COCOOftCOtONOOOCM^'CMftCO^'OCOCMCOiDftlv 

0)(Oh-CDCDtO,8,COCMCM«-tOO»-t.tCMCOCOM,,«riC><D© 

OOOOOOOOOOOOOOOOOOOOOOO 


OOOOOOOOOOOOOOOOOOOOOOO 
I  !  I  I  I  I  I  I  I  I  I  1 


i^(ne>-8,o)''ro)CMvDC7)CM’:i'r-ocMOOoooooo 
ft  CO  U4  I"  CD  O  fi  (0  ^  (0  l'  CO  0)  ft  CM  CO  CO  <0  t-  <X)  0)  O 
-t  .-t  ft  -t  ..-t  CM  CM  CM  CM  CM  CM  CM  CM  O  CO  CO  CO  C'>  CO  CO  CO  CO  T 


V 


h 


& 


t-  /*N 
W  *0 
4) 


w 
w 

X 

-1 
< 
o 

I M 

a: 

£-• 

D 
w  M 
j  w 
a  o 
a. 
p  2 
2  O 

<  o 

Vl  X 
M  x 


3 

C 

•a 

43 

c 

o 

o 


III 

f- 


t-4 

f- 

X 

U 

X 

o 

a: 

a. 

j 

< 

o 


X 

<C 

2 


O 

CM 

1 

2 
D 
2 


W  2 
M  ^ 
X  J 
X  < 
O 

2  * 
X  W 
W  X 
X  w 
H  X 

1-4 

W  X 
X 

u 
H 

4-4 

X 

x 
< 
x 
uj 

x 
o 


2 

O 

< 

H 

< 

a 


w 

►i 

X 

< 

H 


tn 

■X 

U 

a 

e 

o 

x 

•o 

c 

ns 

m 

c 

o 

•H 

0 

ns 

o 

•H 

■r4 

O 

<D 

a 

w 


Si 


P. 

O 

u 

X 


a 

s 

<a 


•0 

V  0) 

C  0) 

c  I-* 

«S  N 

0  0) 

0) 

4-4 

•  H 

• 

X  * 

X  - 

•  2 

•  2 

X 

X 

-< 

-< 

W 

b# 

C  * 

C  * 

o  c 

o  c 

C  c- 

0 

43  « 

43  0 

<fi  -H 

0  *H 

6  — • 

£  - 

<  w 

<  w 

c 

c 

o 

o 

•H 

*0 

•a  *0 

. 

0 

<D 

0  t> 

43 

3 

43 

3  43 

c 

X 

y 

X  y 

0 

X 

fiS 

x  nf 

i) 

••  1 

u 

•a  U 

•v 

43 

•O  4J 

X 

X 

2 

43 

0) 

4-'  « 

o 

X 

X 

4-4 

« 

ns 

t>  ns 

w 

t> 

43 

O  43 

2 

X 

x  nt 

< 

o 

«  TJ 

X 

X 

0 

•  • 

*  ♦* 

w 

> 

WJ 

>  b# 

o 

■r4 

O  a 

X 

.Q 

0 

x>  m 

< 

«S 

a 

ns  a 

u 

2 

« 

o 

®  o 

4-4 

X 

o 

x  o 

J 

41 

o 

• 

•O  to  - 

<0 

Q> 

<o  « 

►4 

o 

C 

o  u 

< 

43 

A) 

3 

41  43  3 

2 

ns 

M 

0  bS 

X 

t. 

Tl 

-ri 

W 

(3 

T>  X 

0  TJ  X 

X 

— « 

4) 

-4  0 

f- 

•H 

•a 

6 

•a  *0  E 

e 

c 

O 

ECO 

•H 

o 

C 

••■i  0  C 

W 

C1  JS  X 

O 

CDOC0^0>CMt0N0)-aC0'TCM-r4^C0<X),M‘C»K>O£0-t 

X  CD  f  -  CO  ID  CD  'T  CO  CM  W  O  O  4-1  -a  CJ  CM  CO  CO  'T  ID  ID  © 

ooooooooooooooooooooooc 

■*  ©  ©  O  CM 
0)  ©  l''  1"-  © 
O  O  O  O  O 

< 

oooooooooooooooooooooco 

1  1  1  1  1  1  1  1  1  1  1  1 

O  O  O  O  O 
1  »*  l  »  J 

s- 

h-COCDO'O.',M,COCM0O)CM^r^OOOOCMOOOOO 

■4HC0lDf^0DO-r4C0,T<0h-C00).-<CMC0'M,U)<Dh'a>05O 

4-4*-i.f-4T-4T-tCMWCMCMCMCMf\iCMC0C0C0CD{O<DCOC0<D''J‘ 

MS  ®  'I  0) 
HOIDMS 

H  H  H  t-i 

-U 

4)  r— i 

w  • 

x 
«  t> 
X 
ns  • — 1 


1 


4 


>• 

M 

> 

M 

W  *0 


© 

3 

C 

•ri 

A) 

c 

o 

o 


b)  X 
X 

t-  W 
t- 
55  m 
O  X 
X 

<  < 

H  X 

<  CD 

P 

X 
•  O 

W 

P 

Cl 

< 

t- 


© 

« 

>* 


<4 

o 

X 

X 

3 

< 


t-  w 

O  H 

r-S 

W  1-1 

P  w 

X 

w  o 

C 

a. 

0 

D  X 

0 

X  o 

« 

vv 

<  u 

jc 

L 

z 

W  X 

© 

o 

W  M 

8 

M 

M  X 

© 

w 

t-  C- 

z 

X  < 

< 

K  2 

-o 

X 

X 

C 

X 

O  -1 
x  o 

© 

M 

X  CM 

« 

X 

• 

c 

< 

P  2 

o 

u 

<  O 

*4 

2 

o  z 

X 

i-i 

4-1  M 

© 

J 

m  s 

o 

>■  52 

■ri 

P 

X  P 

< 

X  < 

•rl 

2 

o 

O 

X 

2  - 

© 

U 

OS  w 

X 

X 

W  X 

X  w 

£■•  co 

w 

t-. 

p. 

o 

u 

X 


P. 

e 

5 

l- 


4) 

©  l - ! 

Ui  • 
c. 
©  i) 
x  OS 

©  i—t 

P 


•o 

c 

©  0) 
r* 
•  0) 
X 


X  2 


«K 

C  * 
o  c 
c.  o 

+1  (A 
M  -H 
8 

L  — 
<  W 


(A 

U  X 

c  o 

X  c  - 

•H  -r4  — 
*H 

CM  O 

4)0  V, 
0.0 
•  •  ^ 
O  O  CM 

X  O 


•« 

© 

•o  >>x  © 

•o  O  <4) 
(3  ~  © 

—  *3  'Tj 

o  a  <d 

X)  .. 

C  M 

o 

£  x  ^ 

CM 

c 


8 

3 


o  « 

••«  H 

«A  3 
3  — 

©  X  <L.  O 

>.OL> 

©  *r4  -rt  -rt 


© 

c. 

3 

M 


o 

J 

\ 

P 

<1 


COlOCOCOOCM'M,CMCMO>tO^CO'M,o-<l,'COO) 

tO'M'CXMCM^OC^rsCMCOO^rOlDa)© 

oooooooooooooooooo 


«  X  W  Q.  — ' 

•>  © 

©  ->4  >>  IL 

>  £  o 

o 

X  *3  -» 

©  ©  ©  —  X-O  l.  fc, 
X  OX  © 

•  ©  8  C  "0X6 

X  —  30XC-*0 
x3cao©<«u 
©  *H  C  Vr 

0  P.  8  C  -H  (A  - 

X  ©  3  •*  —  WO 

0-4  CM  'M  >H  • 

t,c©*ooo©x 

©  ©  «  o  o.  o 

— «  JX  c  •  © 

•rl  •  O  KO  O  L 

8  L  -H  -ri  CM  O  X 

•h  ©  X  •->  COO  x 
W  3»  X  ©  -h  CM  CO  « 


f'tDONCD’TCMOWh- 

M'CMTLOCONiDtDOCM 

-14-1440000000 


oooooooooooooooooo 

I  I  I  I  I  I  I 


VO>CM<00)CM,Tf''0000000000 
0'HO'TCDt-'<Da>4-*CMCO'rtO<UNC&0>0 
CM  CM  CM  CM  CM  CM  CM  CM  <0  CO  CO  <•)  CO  CO  <0  CC  CO 


X 

c «-» 

O  4-1 

o  <—> 

v 


OOOOOOOOOO 
I  I  I  I  I  I  I  i  1  ! 


NC<CM;<J)^'CnCMCDO) 
■rLCOPt'OJO^OV© 
rl  rl  H  H  t4  CM  ftl  C\1  CM  N 


V  4-4 


CO 


45 


•0 

C  0) 

«S  N 

0) 

*  '  * 

u 

•  H 

w  *r,  . 

flj 

X  * 

0 

• 

•»  ,  — *--*? 

>« 

*  s 

,  . 

X 

*  < 

V) 

M 

'  'i  M 

C  * 

* 

0  c 

.*  -  *  *"• 

o. 

C  o 

x 

-U  V) 

! 

x 

M  -H 

:  «  • 

s  *-* 

u  « 

< 

(4  *-• 

V 

<  w 

'■  .*•*;  » 

e 

■■:•■  \y. 

0 

'  «,*.#  -• 

•H  tJ 

r  ^ 

• 

V)  « 

jJ 

3  4J 

C 

V.  0 

0 

V.  flS 

■  ,'t 

u 

•H  C 

*  \ 

w 

T3  -O 

*  »\»  % 

a 

X 

u 

2 

43  V 

*  . 

<0 

o 

p. 

*  *  m  * 

g 

h4 

v  At 

a> 

m 

0  -u 

os 

2 

X  flj 

< 

0  V 

'O 

a 

c 

X 

«  — 

a 

w 

>  bO 

O  -H 

m 

Di 

X  (A 

c 

< 

a  a. 

o 

W 

r 

•H 

2 

v  0 

-p 

b-i 

x  0 

«  * 

a 

x 10  • 

o 

W  4) 

v  ... 

•H 

X 

0  l. 

c. 

< 

X  X  3 

•rl 

35 

(6  bO 

o 

a 

Li  *H 

a> 

W 

nS  *o 

a 

X 

•-4  0 

r 

w 

f*4 

•h  T3  E 

ECO 

’•  .  •  .  * 

•r!  O  L. 

w  x 

(DlOO(DS'NOCOfsLO(OHO) 

WT-to^tD'Tco^cnooh-iococoo 

-  - 

h  n  n  ^  w  n  t  'iT  in  m  h-  oo  ot) 

nC\jHO)(D!'(OlOCONrtOO'4W 

a 

J 

ooooooooooooo 

^T^rHbobobobooooo 

0 

\ 

.*  *1  ' 

c 

ooooooooooooo 

000000000000000 

a 

<3 

1  1 

1  1  i  1  1  1  1  1  1  1  1  1 

•  V- 

a 

N^t--0000000000 

f'<x>covo)'ro)W(oo)cvj'5,^oo 

g 

H 

f'C0(J;r-iC\3(')^J,£D<0t''<X>OO 

Hn[ObtOOH(0^(DM»Cl)HN 

* 

«) 

WWCvUOCOttOOCOCOOO'tf 

^w^t^^CvjCjCVjcvjCMWNWCOO 

£-• 

•  *'•  ■ 

;•■■.  •.  ; 

+> 

• 

« .  \ 

V  r— i 

4-) 

• 

w  • 

C  r—t 

r—t 

,*  «  ’ 

v. 

O  r-i 

tO  ’-i 

1  1 

o 

O  w 

1— i 

X  OS 

V* 

.  . 

«S 

*.  *  • 

Q 

.  > , . 

» ' 


TABLE  7.  DATA  ON  THE  THERMOPHYSICAL  PROPERTIES  AND  ELECTRICAL  RESISTIVITY 
OF  GRAPHITE  FIBERS,  ALUMINUM-201  MATRIX  COMPOSITE  (continued) 


L, 

<c 

0) 


u 

o 

•C 

40 

3 

< 


V) 

U 

<B 

E 

3) 

K 

•O 

C 

V) 

C 

o 

•H 

4J 

a 

o 

•H 

V. 

•H 

o 

U) 

a 

w 


a 

o 

u 

0, 


a 

E 

<D 

t- 


40 

4)  r~ t 

w  • 

*5  « 

40  CC 
1 — 1 
P 


40 

c 

o 

o 


S; 

O 

M 

W 

55 

< 

X 

w 

K 

< 

W 


< 

s 

K 

W 

X 

E~ 


o 

*4 

►4 

<1 


00(D(O-hO)^IDCO 

NOVlOtOtDt'OO 

oooooooo 


•Kt 

C  0) 
flj 

0) 


•  s 

3C 

*< 

w 

c  •• 

0  c 

C  0 
40  (A 
V)  *H 
6  ~ 
L  —• 
<  W 


e 

0 

•H  -0 

(A  0) 

3  40 

V,  o 

L.  (tf 

•rl  M 
•o  40 
X 

40  O 

a 

«  a 

O  40 

x  a 

«  •* 

>  <4 
C  *H 
ja  m 

ts  a 

«  o 
x,  o 

40  o  • 

xr  «> 

o  c 

40  40  3 
ri  m 
<4  ’H 

itf  *0  C. 
*-«  « 

•H  "fl  6 
ECO 
•HOC 
Wooc 


oiNt^ivio^rn^oxoMOcov^ropo^oo 

WHOfflOOhtDIDWN'iOOriftlNCOl'IDIl) 

tHt4t400000000000000000 


oooooooo 


oooooooo 

(OTtOOr-COOiO 

tooooconttt 


40 

c< 

o 

O  ' 


oooooooooooooooooooo 
I  1  I  I  I  I  I  I  I  I  I  t 


t^OCD7CDVO)CM<00)WVNOOOOOOO 

HCOLOh(DOH(01,!DtCOO)HNW^IO<Ot 

^T4T4^>HWWCVjCgWCv2CMWCOCJCOCOCOCO(0 


to 


to 


tono 

CD  00 
O  O  O 


o  o  o 
to  0)  o 

CO  00  V 


w  -h 

«  -rt 

to  -h 

s  ~ 

s  - 

s  - 

4.  • 

4,  — 

4.  — 

<  W 

<  W 

<  w 

43  « 

4) 

4) 

C  E  to 

E  43 

E 

4)  to  3  4) 

3  G 

a 

3  V. 

•H  4)  —  flS  3 

r-.  0 

43 

o  —  o 

O  43  0  43  ~ 

O  *H 

a 

CM  O 

•h  <ri  >  4)  n)  (0 

>  o 

*0 

>  «  to 

C,  «  4)  *0  > 

•H 

>> 

4)  4)  4) 

0  G  0)  4.  - 

rj*  c, 

c  — 

4.  -T  3  3 

4)  0.  O  CM  .C  •*  *0  (8 

NEC. 

•H  *H 

3  CM - 

0  S  -H  43  .  4)  E 

0  4) 

43  nJ  n) 

O  0  4)  !•  0  4)  4 

43  4  P 

•o  e  c 

to  >  > 

O  H  (0  4  c  (j  » 

ac.  o 

Ci  4.  4) 

4.  4. 

c  *0  1  0  ~  £ 

4) 

43  43  bO 

4)  4)  ***3 

ns  4,  G  3  43 

O  *0  C 

4  £  0 

(XX  z-'  43 

4)  o  o  ‘  4)  to  .a 

*  4)  ftj 

0  43  L 

E  -H  C  43 

£c.o«t>o—  ns  c. 

4)  43  0 

(X  43 

s>  c.  4)  a 

43  «s  «s  43  0 

a  e  • 

Cl  C  -rt  4)  E  — 

4)  C  43  4)  4.  ‘H 

4)  —  C 

4.  4)  C 

M  h  3 

4)  O 

e  i*  u 


x  o  c  <n  v  u  v 

4)  -.H  4)  >  V  X. 

W  4.  At  <tf  43  43 

<M  C  43  4>  «S 

o  rt  c.  «j  —  as  a 

*0  4)  O 

4)  X  ri  B  L  4, 

3  4)  *0  C  3  4)  4* 
•  'H  *H  jQ 

«  —  4.  O  h  *0 

>  (3  4)  O  >  b.  41 

e  -o  4)  4i 

4)  4.  C  X  4.  >>  flj 
U«  3  ••  i  4)  X 
<6X  LX  3 

4.  43  4)  O  H  «  O 

«  *o  w  i:  — 

>  C,  <d  4)  3  Hi 

<  o  e  *3  W  a  o 


10  ^  CM 
0)0(0 
o  o  o 


31.3 
.  o*  — 
•»4  o  o 

—  43  > 

.  E  4)  h- 
O  4,  • 

U  3  CO 
4-.  -U  CM 
rt 

0  4.” 

4)  4)  (A 

—  0.  4) 

o  e  e 

>v  0  •* 
o  -P  -P 


0  O  C  «S 
4,  —  «J  o 
<s  4) 

N  o  £  4) 


O  O  O  O  O  O 


C 0  10  V 
HfflO) 
HNO 


(0  CM  O 
WOO) 
th  O  O 
•  •  « 
o  o  o 
I 


CD  tO  M* 
h(3  01 
<n  CM  CO 


rH  CM  ID 
00(0 
r-t  O  O 
•  •  • 
o  o  o 
I 


CD  10  <4* 
H(J)  0) 
-I  CM  CO 


coefficient  of  thermal 


O  DM 
0  0 
c.  a  0 

tl)  •<*  E 
4l  3 

4l  — 

0.0  o 
•  o  > 
o  o 

X  rt  V 

0  CM 

4.  'X' 

0  o 
>  >  u 

O  O  0 
X  X 
rt  t>  -h 

0  <M 

V  -. 

£  OM 

41  >. 

O  0 
O  S 


3  C 

o  o 

0  c  w 
00c 
0  0 
0  a  o. 


41  >»  3 


$-<  •— 1  o 
0  0  > 
—  S 
•H  4.  00 
E  0  ♦ 
•H  X  00 
W  X  CM 


CM  CM  fO. 
o  ■01  o  t" 
J  —  O  O 


O  O  O 


(0  ID  V 
fifflO) 
'H  CM  CO 


4l  •* 

OTJ  (S  K) 
CM  O  © 

41  0  41 

—  0  TJ  3 
<  *0  -H  C 

\  -H  0  *rt 


0 

0  0 

4.  3  4* 
0—0 
n 

c  >  0 

O  0 
•h  •«  3 
0  4.— 

C  0  0 
0  X  >  — ’ 


3  4*  0 
—  O 
0  — * 

>  0  0 
0  B 
3  t. 
\  —  0 
C  0  X 
0  >  41 

a 

•H  U  C. 
O  0  o 
0  41 
O,  0  41 

«  —  c 
3  0 
•3  X  »H 
0  0  O 
*H 

o 

>»  a  v. 
o  o  © 
4:  t.  o 

3  <«  O 


O'-  ac-H«a  c  0  0 

h  Of  O  *3  —  *h  0  X  >  — 
t>.  0  O  O  *h  3  0  O  C  CX  0 
ac0CO4>4i-H00xc.#3a 
o©  0-Ht,a00  0t. 

*30  4.  '3  M  0  0  8  W  X  O 

C  t  o  -ft  C  4l  —  0  X 

0  •*  04*—  00X000  —  41 


0--  04*—  00X000  —  41 

I  m  o-si:i  a  e  3 

410  Wh  0  M4l  (.  3^14. 

X  52  C  °  C04.-H  0-00 

M  t(00£«4I4-£OU 


•ri  >»  *3  0  4141 

©  43  *3  O  *H 

0  th  4.  c  b# 

0  *3  —  0  •* 


0  41  > 


H  b  Cb  O  IIUntD  O  « 


0*3—  0  *H  0  0  •  ti  *H 

0  0  0041  3  00  4*  O 

0  O  C4-.XX0  —  X0M_*H 
a  3  —  0  0  C  41  0  C  0  4.  . 

•3-H  0  £  0  >  0  ••  ©  4-i  C 

COa-H-3BOU  ^041*0 


0  U  0  0  0  *H  0  0  O  0  0  O  -M 

a  0.0*  o.x  t.  4i  o.  m-h  x  —  o  0 

•H  0301.04.1.11  C 


o.  .ri  ID  3  0  *H  C  >  O  ©  0  0  * 
W»»COO,8'3m0OI.OB0 


CO  tH  CO 
CO  O  0’ 
O  O  O 


o  o  o 


CD  tfl  0* 
.4  0)  CO 
. (  CM  40 


: .  . 


ID  O  0  >>  * 

•  0.  X  • 

(DDK  o 
CM  0  0  W  O 

3  4i  a 

41  —  —  C  0  O 

O.  0  0  0  O  4. 

©  >  a  a  04. 


u  ©  a 


X  0  ©  u  w  *3 
0  MX  3  0 


0  4l  0  *3  41 


0  C  0 


>  0  C.  0  0  -> 

O  >  O  S  3 

X  0  0  O 

0  4l**0  — 

♦*  C  C  —  0 
0  (.  0  0  H  O 

x  0  *h  e  0 

4>  X  O  -n  0  0 

•r(  "H  O  *H  0 


O4.4.0S3 
4l  4-.fi.— 


W  0  0  "3  0 


0  0  O  0  0 


*  X  •* 


O0XOC00OI.V.OOC0 
OL.4lO004.O00  fi.—  0  0. 


•rt  3  C  X  a:  • 
8  —  0  o  o 
•rl  O  0  C  O  C 
w  >  a  o  j  m 


CD  — 

^  o  v 
o  o  o 


o  o  o 
I 


CD  ID  'T 
—  0)  0) 
r-*  CM  CO 


C>  — 


tabulated  mean  coefficient  of  thermal 


49 


•O  0) 
c  t"> 
<0  0) 


tM 

H 


H  ■ 
to  TJ 


to 

W 

OS 


4> 

3 

C 

•rl 

x 

c 

o 

o 


< 

o 

M  V-' 

OS 

f-  Id 
O  f~ 
Id  n 
J  to 
U  O 
Ou 
P  2 
2  O 

<  O 

W  X 
fd  m 
m  OS 
H  t- 

os  < 
Id  2S 
0. 

O  <-< 
os  o 
Ou  w 
I 

P  s 

<  t3 

V  2 

t-t  M 

w  s 

►*  » 

1  p 

a,  < 
o 

s  - 
OS  w 
Id  OS 
X  Id 
t-  m 

H 

Id  O, 
X 

E-*  Id 

H 

2  *-< 

O  X 

X 


OS 

<  o 

n 

Ou 
•  O 
h- 


u 

a 

> 


/-*\ 

</> 

c 

o 

X 

X 

3 

< 


(A 

.* 

U 

(C 

s 

4) 

OS 

TJ 

c 

(0 

(A 

c 

o 

•H 

X 

(0 

O 

•H 

V. 


•H 

o 

4) 

a 

w 


a 

o 

c 

X 


•  ♦ 

*< 

M 

c  * 
o  c 
t,  o 
X  (A 
(A  ‘H 
g  — • 
C  —• 

<  w 


H 

►h 

> 


£--< 

O 

33 

Q 

2 

O 

O 

►J 

< 

5? 


OS 

Id 

X 

t- 


C 

34 

TJ 

4)  C 

0 

4) 

4) 

X 

>>  •*  4)  (A 

•H 

U  C 

C  X 

o 

<0  C  g  X  4)  4) 

X 

4!  0 

♦ 

•«l  (0 

(A 

—  0  3  -  I.X 

X 

>  *H 

(AC  (A 

(0  4) 

C  x  3 

— * 

X 

CO  *rt  X 

(A 

—  41  4) 

a 

4)  (0 

05 

•H 

C  -H  s  * 

C  X 

(A  3 

4)  4)  C  X 

X  4) 

g  10  a 

£ 

c 

•rl  4)  g 

4)  O 

•— •  C* 

C  5  -H  3 

C  U 

•rl  h-  — 

■.  1 

X 

X  TJ  TJ  3  (0  TJ  64 

>»  c 

4)  <M 

(0  (0  X  ^  C 

4) 

O  00  X 

"0 

<0  —  C.4J-W  C«  4)  <0  -H  C  -H  ail  O0'H'H  #  Jl  •  O  3 

s  to  o  c  <0  «s  x  x  oo  -<  <0  tj  tj  xnogxnjaoidcx 

0)  X  O  U0  i  Ota  CO)  X  (A  g  3  (A  O-H 

»-ito<AXXXC3  0  CO  TJ(0XTJXC4><0  X  4)  -H  b# 

O  3  -H  X4)OOXOOO)C  X  4)  0)0)  0)--  x  X  c 

W4)03g-HXC  C  g  •  X  (0  It>  aCECE~<AtoXOO 
e  X  3  J-X  «  «  CX  O..  S-HGXOOO.O  o;  — 

S3  tj  h  oxxxc  go  mg  -H  O  >>-  •  >>  c 
3  tj  4)  C  bo  E  XC-hx**3©*h-*[0  l,  o  o  O  X  -h  4) 
COO)X(0C  C  O  X  III  30  It  am  3)1  >»  TJX 

•h  >  x  «!  x  -h  4.’  it  ••  u  tj  *h  ~  o  h  a  «-i— *oco>oiatj  x 

g  <0  O  -H  X  (A  <0  X  4)  3  -H  (0  >>  .  3  t*  -H  .C  C  4)  c 

3CB  OXXCCX43C  O  >  I  O  —  O  O  X  09  O  C  4)  O 
~  4)  -H  4)-HTJ(0gbOTJ4-.  OX  —CB  -H  3  X  X 

<0  X  —  C  <«  3  <0  X  3  *H  4)  C  O  O  X  4*  (A  4)  C  —  4,  (A  (A  -H 

•h  4)  0  tit  4)  —  -  •O'T-HO^MO  bO(0(AOC<0<~C 

-C-OX  I.  0  an  0  U0N  O  *H  3  O  >  41  4)4)  (0 

C  OH  r~v  O  4)0>  0O0HU  -  B  c  l.  X  — •  E  g  X  — 


4) 

• 

C.  < 

c 

5 

w 

4) 

*— 4 

to  4) 

0  V 

<0X0 

3 

(0  *H 

X 

3 

X 

a)  -d 

C  0 

c 

C 

O 

(A  X 

C  X 

•H  X 

c 

X  TJ  •* 

•H 

o 

•H  X  C 

4)  O 

O  *H 

(A 

g  4) 

4) 

S  (A  (0 

«  4)  <0 

g  C 

•H 

O  r> 

* 

•H 

4-. 

•H  4! 

X  O 

•H  4J 

5 

3  X 

» 

» 

3  (0 

C  X  — 

3  TJ 

g 

X  —  C 

TJ 

(A  1 

•H  CS  X  O 

O 

C  -rl 

(A 

C  WTJ 

3  x  a 

C  Ti  4) 

(0  -H  TJ 

c 

O 

O  X 

X  1 

O  4)  X 

•H  Uh 

(0 

n 

•H  |  4) 

(A 

•H  -H  3  ID 

(0  C 

o 

4)  • 

f' 

ax 

ao 

g  X 

g 

4) 

4) 

g  a  tj 

(A  4)  X 

g  3  O 

•H  O  X 

a  at 

g  <X> 

(0  o 

O  C 

5 

3  TJ 

C 

C 

3  a  c 

4)  C  (0 

3  <r~ 

U 

t.gh 

X 

C  H 

W' 

O  -H 

a  h 

c  c 

—  (0 

•rl 

(0 

— •  O  0 

C  4)  — 

*H  *H 

o 

O  0  • 

4) 

4)  >: 

U 

O  4) 

b«s^ 

a  ax 

(0  X 

> 

a  (0  *  x 

a  s  o* 

(0  r—  (0 

C  to 

g 

a  <0 

tOTHtocd'^otob-wtoTrivio)©©.') 


Ov!(0OOtotOCOO^rCDCOO)WOtoC9>H 

Cviwwoco«'T',q,'q,'T’q,io©©©h. 


I 


w 

J 

to 

< 

t- 


a 

g 

4) 

£-• 


r-i(0to«)<»to<O'4*NO)(GO9C9C9t^{'* 
(-  OOWtolD^OOtHfM'TtOl^'HtotoCM 
HHHHHrtNNNNNCOOWO’ 


X 

4) »— * 
to  • 


V. 
(0  4) 
X  OS 
(0  >— 1 
p 


A  ON  the  THERMOPHYSICAL  PROPERTIES  AND  ELECTRICAL  RESISTIVITY 
APHITE  FIBERS,  ALUMINUM-20 i  MATRIX  COMPOSITE  (continued) 


O)t^0t>'^t^C0'^ri^--tNW  OCM'^CD^flOOCD'^CO'TOOCOiOCO 


'3*O(0  0)»-<C\]'?®C&OC\l  NmOTOOh(DO(OON«M3)H 

®<D(OCDl''t--C''f''r^COOO  COOT^tO&O[OtO(0(Ots't''f'l''t''OO 


'-•tOCOOOCOOt^COCDCDOO  C0^0)WO0)^C5O^t-iT-tC0a'>C3)(0 
OiN'Tt'ONN^'tDOOH  G>  *-<  N  ID  G  >  0)  *■<  CO  !£>  N  W  O  ®  CO  N 
W  Cl  <U  CO  CO  CO  <0  CO  CO  ^  ri  H  ,•!  H  w  N  W  W  O  «  O  P  CO  y 


THERMAL  CONDUCTIVITY 


55 


t. 

v  c 
40  o 

*ri  ‘H  • 

<4.  4 0(0 
O  -H 
40  0)  X 

IX  u  M 

Q)  *H 

o  *o  c 

X  a> 

V  u  s 

<U  -H 
<D  41  O 
>  -H  <D 

o  <«  cu 
42  (0 
nJ  -c 
c  «U 
<u  n)  .c 

4=  40 

40  W 

v  o 

O  ■  40 
40  00 
CM  — 
u  <u 
(0  <u  — • 

< — I  £  —• 

•H  3  (d 

£  — '  tn 

•H  o  s5 

W  >  O. 


^OOl^’-'^rOCO'M'CMOOtOCMOCOtOCMID'T  CM10C9t»)(D*-<0,TO<-< 

ffi0)f'O(£)HHC0'J(DOCl)Il)NOOlDh  t'-t**O)O)^T-j(D<Njr|00 

'T^lDNf'OOTHWOO^r^r^rTIOtOtDID  'TI!)(ONO)OON'T'q' 

rlrlrtrlHHrtrldrlrlH  ^  ^  ^  ^ 


h'lDCMCocMo^-tocooooojr'r'Cno^r'' 

f'OOOCOlOCOO’TOOCMCMCOM'inf'OOCO 

t^tHtHt-iCMCMOOOOOCOCOCOCOCDCOCO 


CQCOOJt'  —  VCO'-'COl' 
OOOCM'TCDCOOCOOO 
H  H  H  H  r(  W  O  CO 


T  «H 


TABLE  7.  DATA  ON  THE  THERMOPHYSICAL  PROPERTIES  AND  ELECTRICAL  RESISTIVITY 
OF  GRAPHITE  FIBERS,  ALUMINUM-201  MATRIX  COMPOSITE  (continued) 


•3  0) 

C  CO 

C  !" 

© 

©  o> 

0) 

H 

*  ri 

x  * 

x  - 

•  s 

•  s 

X 

X 

*  < 

-< 

be 

be 

c  - 

c  » 

o  c 

o  c 

u  0 

c  o 

43  (ft 

43  (ft 

(ft  -H 

(ft  -H 

s  - 

E  — 

t* 

L* 

<  td 

<  td 

• 

(ft 

c  — 

Du  C 

•  • 

O  •!< 

o  <y 

(0 

•H  0  •* 

o  te 

1 

(ft  X. 

Y*  o 

t- 

3  o 

c  o  c 

D5 

<«  £  C 

O  -  :  X 

4J 

X 

V.  3  *H 

•H  «H 

c 

E  C 

X  X  c 

0 

3  •©  •*  y* 

©  © 

o 

• 

C  Eo-d  -3 

o 

>• 

•h  >»  3  O 

•ri  *H  ‘H 

X 

H 

EX—  * 

—  (ft  3 

>* 

hi 

3  ©  O 

o  o.  o’ 

(ft  c 

> 

.  .  1} 

V)  H 

Hi 

rt  « 

M 

©  «  X  (ft 

CO  — 

> 

> 

t- 

O  X  -H 

o  o 

Hi 

1)  *H 

w 

•3  3  -h 

(3  O  C 

[- 

0  uo 

M 

©  -3  5  (ft 

Y’ 

o 

•H 

w 

O  O  (ft 

•  • 

C.  (ft 

td 

t,  J,  -3  «  W  O  (ft 

Q 

♦H  — ■» 

OS 

O  O.  .©  C  OJ  X  3 

s 

C.  —  H  M  E 

o 

C  (0 

C  (ft  O  O 

O  r» 

o 

«  4) 

< 

•H  © 

©OX 

*3  © 

u 

©  ?  *3  X 

E  O 

ts 

VI 

3  CO  CO 

< 

05 

©  © 

s 

C  C 

f- 

©  X  to  O  ©  *3 

ft: 

«  © 

O 

X  *H  W>  c 

>  c  « 

td 

E  X 

Id 

•h  O  C 

3  X 

X 

•r(  43 

J 

X  o  -3 

C  (ft  o 

[-* 

o  o 

Id 

ft  CUTS  *3 

©  (ft  c 

« 

©EC© 

.o  ©  © 

a  o 

C  O  o  — 

M  c  3 

V)  c 

O  oft  o 

O.  O' 

h-^CJCDOOt'OOVCO 

b-  CO 

TtDCO^CDNCDlDlO 

CM  CO  V 

X  'ThO)NIDCDH7(D 

Q. 

•  •  * 

T  V  M1  ID  ID  ID  CD  CD  CD 

,  1  0)  O  b  ID  O  to  H 

o  v  r- 

H  v  i  %  :  .  :  ri  r*l  H  •  4 

lDIDIDCDf>‘lDC0H-U3 

ri  ri  H 

Y’  W  •>  1"  CO  <-«  CO  03  o 

COCMh-lOCOY’COf'CO 

CO  ID  Y* 

t-  <-i  Cd  W  03  Y*  CD  h-  CO  O 

CO^COY'COCdlDCDOO 

t- 

O)  03 

03  03  03  CO  03  **)  03  CO  'a' 

«h  N  N  N  CJ  03  03  03  CO 

—  Cd  CO 

TABLE  7.  DATA  ON  THE  7 HERMOPHYS1CAL  PROPERTIES  AND  ELECTRICAL  RESISTIVITY 
OF  GRAPHITE  FIBERS.  ALUM I NUM-20 1  MATRIX  COMPOSITE  (continued) 


X  • 
T3  X  *H  O 
t)  X  3 

O  *H  c 

3  3'00 


£  -T  W 


4 
4> 

X  -n  4) 


c  o  -o 

XX  o 

x  -o 

a  -h  o 

U) 

i  H  O 

■ 

>* 

•H  4  (0 

id  4  O  CO 

•h  -O  N 

4.  -o  3 

—  irt  4. 

£> 

— < 

•  Jl  4. 

u 

f- 

£  a  — 

-crno 

4.  (d 

id  •— 

o  o. 

c 

i  a 

V 

,-i 

3  O 

3  -O  41  CJ  '0 

—  4) 

4)  —  O 

to 

u.  X 

> 

— •  m 

V'l  id  *rt  4) 

4)  O  £ 

rt  o  > 

-■Oo 

.  O  o 

■rl 

M 

id  id  -0 

a  4,  o  x 

(A  3 

u 

•rl  O  O 

•fH 

10  0  4. 

t- 

3  C 

id  X  4  O 

LX—* 

4)  X  4 

e  id  ^r 

(d 

£ 

•  ID  “ 

W 

•o  id 

v  x  —  3  C 

0  O  O 

>0  4) 

CO  o 

r 

CO  o 

V 

h-t 

4)  C 

c  oo  m  <y 

W  C  > 

C  X 

4T  «-* 

.  i 

•  t 

V) 

W 

u  «  bt 

4)  3  C  i/>  3 

C  -h 

C  -n  *h 

- 

*o 

» 

u 

w 

t-.ec 

•h  4)  0-  • 

id  4 

td  4. 

•*  4)  X 

3 

-  4)  X 

V 

Q  rl  -rl 

» —  -o  u  c 

4  N  4) 

C  T 

O  S  fii 

X 

rj 

t  n  at 

> 

C.  (jO 

l/>  -rl  *0  3.  •*  o 

X  O  X 

X  C  l? 

X  3 

i 

:  3 

to 

.-1 

cor. 

—  O  (d  Cl.  U> 

O  r< 

O  0) 

2  —  C 

W 

2 

:  —  c 

c 

< 

•M  p.  o 

•fi  4.  — •  *o  «  o 

U  •  4* 

V  •  CM 

o  o 

C 

o  o 

<d 

o 

o  </>  x 

O  O  4)  O  4 

x  o 

X  O 

—  >  -rl 

o 

•— 

<  >  r* 

4 

>  ! 

u 

4.  X  41  M*  X 

>. 

<1  X 

—  « 

:  x 

X 

(K 

«)  c 

O  —  (C  O  -H 

•  *  w 

•  -  iti 

4  <e 

r  (d 

{- 

4!  X  O 

£  C  --i  -O  *-«  C 

<-t  C  «fl 

r-l  C  tfl 

«-•  ®  c 

r* 

i  «  TJ 

* 

o 

X  <rl  •••! 

3  *h  o  •«-> 

O  o  41 

O  <P  4) 

O  X  -n 

w 

c 

>  X  -r* 

<n 

w 

Vi  V) 

c  4.  —  X'3 

N  £  C 

NSC 

N  >  • 

a> 

0, 

1  rl  — 

->l 

.0  0  3 

•H  h  O  (d  *H 

\H4C 

-rl  .* 

\V.  O 

j> 

s 

^  4.  O 

X 

Wi 

a.  0.4. 

S  O  X  U>  3 

o  o  o 

O  O  o 

O  W 

c 

)  « 

3 

ij  Eo 

3  O  O  C  -<-i  O* 

4)  -i-t 

?  4) 

f-  M  C 

c 

•  SC  c 

C 

C  0  •••! 

—  •  C  0  <fl  •••» 

X  P.X 

0.X 

0)  o 

H 

.1 

:  0)  o 

•rl 

ho  o  -o 

dl  O  'H  O  O.  •— 

13  «  X 

13  m  x 

UNO 

£ 

c 

5  N  o 

£ 

r- 

t"*  T  to 
t*  —*  <0 


(0  to  *4* 

H  0)  0) 

*-t  N  CO 


CD  B)  «•« 

C\j  ^  CO 

W  ^  T-l 


CD  CD  V  ID 

H  H)  0)  0) 

x  n  co  n 


l  gure 


THERMAL  LINEAR  EXPANSION  OF  GRAPHITE  FIBER.  ALUMINUM-201  MATRIX  COMPOSITE 


FIGURE  10.  THERMRL  CONDUCTIVITY  OF  GRAPHITE  FIBER 
RLUMINUM-201  MATRIX  COMPOSITE. 
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FIGURE  11.  ELECTRICAL  RESISTIVITY  OF  GRAPHITE  FIBER 
ALUMINUM-2D1  MATRIX  COMPOSITE. 


1.7.  BORSIC  FIBER,  ALUMINUM-1100  MATRIX  COMPOSITE 


THERMAL  LINEAR  EXPANSION 

Kreider  and  Patarini  [1]  reported  thermal  expansion  for 
diffusion-bonded  composites  containing  24,  28,  and  50  volume 

percent  Borsic  fibers  (boron  fibers  coated  with  silicon  carbide) 
in  both  the  longitudinal  and  transverse  directions.  Longitudinal 
percent  thermal  expansion  decreased  from  0.188  for  the  24  volume 
percent  composite  to  0.129  for  the  50  volume  percent  composite 
near  570  K.  Transverse  expansion  also  showed  a  similar 
decreasing  trend.  The  expansion  pattern  was  fairly  uniform. 

REFERENCE 

1.  Kreider,  K.G.  and  Patarini,  V.M.,  Trans.  Met.  Soc.  AIME, 
1(12),  3431-5,  1970. 
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TABLE  8.  DATA  ON  THE  THERMAL  LINEAR  EXPANSION  OF 
BORSIC  FIBERS,  ALUMINUM-1100  MATRIX  COMPOSITE  (continued) 


*  * 

'*  \  *.  *.».*-•  *  • 

o 

1 

0) 

i 

X}  «H 

■  ^  * 

c 

u 

. 

a 

• 

-  ’ 

*> 

•  Z 

- - - 

> 

u 

• 

* 

•  > 

/N 

\ 

0 

• 

u 

t>  c 

0 

0  -H 

X 

d  c 

X 

•H  <3 

L> — . — . 

2 

0  43 

< 

C  (3 

*  ,«  ,« 

X  Pu 

•  i 

0 

0 

•  '  : 

N 

N 

•  •* 

/**N 

•H 

C  O  ‘H  • 

• 

E  0  © 

OOB0© 

L.J— ,tl 

X 

•H  43  0  d 

•H  O  U  -H  43  0 

C 

c  c  c  co  c  © 

0C©0CCCOC 

:'•#* '  ■ 

o 

•rl  (3  0  CM  ©  43 

3  -H  >>  -H  (3  #  ©  © 

. 

o 

e  e  >  o 

C.  0  d  <8  E  E  >S 

, 

0 

V 

d  0)  —  0.(3 

C.  X  C  —  d  0  •*  0  0 

X 

O  4)  C  l.  C  U 

•H43(8OO0CCCC 

U 

S3 

43  d  2  4)  <8  4> 

d  C  4J  d  3  0  (8  c. 

rtJ 

O 

-  «J3  1,  X 

>  0  0  —  0  43  C 

E 

M 

d  0  <3  4»  43  4) 

0OCS'd©(3043'd 

0 

w 

©  -H  0  g 

0—3  0-H0S  0 

!»****« 

(X 

0  >,  E  0  -  (3 

#  0438  0  >>£  0  "43 

< 

3  43  0  4> 

u  x  a  o  2  4>0o 

*■  . 

•o 

a. 

d  •*  <3  C  (3 

0.  C  >>  d  ~  <8  C  <8 

C 

X 

0  C  41  «-*  «)  d 

IO0<80C0—  ©C 

bl 

(3  <3  C  *h  41 

43  n.C(3rtb-HX43 

3  2  X}  -h  • 

0«  g  a  »  3  8  'H  X 

■  .  .  •* 

</) 

(X 

0  43  c.  C 

X  O  0  0  043  Ci  0 

■  ; 

c 

< 

—  4)  O  4»  0 

4J*  X  —  0  O  © 

0 

w 

O  0  2  X  O  *h 

0  (3  O  0  3  X  O  <3 

•H 

S3 

0  0  C  3  -n  0 

Cl  0EO0U3-H43 

- 

4> 

►H 

O  0  4>  4>  0  C 

0  300043  430(8 

(It 

•J 

C  0  C  <8  • 

3  o  d  (8  c  0  c  d 

o 

s  4>  n  o  a  0 

CM  'H  —  >4)  NO 

•H 

J 

O  0  =  43  41  X  t. 

0  —0.00=  4341* 

c, 

< 

—  X}  X  0  2 

0xo  —  d  c  c 

*  *  - 

•H 

z 

0  —  0  (3  *0  40 

X(30B0—  0(3WO 

.  **.  ,#» 

o 

OS 

(3  — *  3  —  -H 

•H  O  (8—3  *H  • 

0) 

W 

-  3  <8  O*  0  <8  C. 

0  d  x  C  -  3(30*000 

•  **»“* 

a 

X 

0  d  0  SB 

O  e  'H  (h  1/1  8  #  ECU 

’  \ 

w 

t- 

0  h  C  X  3  C  a 

0.d  C  0-HCX3I33 

v  • 

a  0  c  4i  —  0  o 

EC4>-rl0,0C43  —  0,  40 

(3  0  (3  -rt  0  X  U 

OO00<30<3-hOX*h 

^  *#J~. 

X  l,  *  3  >  43  C. 

oxsa43c*  >>©c. 

* 

©  0)  N 

H  ©  ©  H  H  81  ffl 

■-  ; 

• 

o 

0)  CM  CO 

O  W  T-I  ,-t  o  o  o 

V  •  * 

a 

J 

CO  ID  © 

O  O  h  CM  W  8*  10 

0 

\ 

•  •  • 

••••••* 

c 

J 

o  o  o 

o  o  o  o  o  c  o 

, 

0-. 

< 

' 

• 

0 

c 

3  1  ■  ■ 

a 

CO  CM  O 

O  ©  CM  ©  CO  CM  *4 

40 

e 

l- 

f-  CM  t" 

0)  CM  CM  h-  CM  h- 

•H 

4) 

*8*  ©  © 

CM  ©  ©  'T  ©  © 

c. 

H 

c 

♦H 

/-N 

X 

• 

c 

43 

3 

w  • 

c 

r—i 

0 

c, 

O  r4 

©  r4 

X 

flJ  © 

O 

ui 

0 

X  CX 

<8  *— 1 

x  - - 

o 

© 

0 

is 

* 

-  --  • 

--  - 

*  • 

1.8.  ’E’  GLASS  FIBER,  ALUMINUM-2014  MATRIX  COMPOSITE 
THERMAL  LINEAR  EXPANSION 

There  are  24  data  sets  available  for  the  thermal  expansion 
of  parallel  oriented  'E'  glass  (  electrically  conduncting 
borosilicate  glass)  fibers  in  an  aluminum-2014  matrix  [1-2].  The 
data  are  for  composites  containing  20-40  volume  percent  glass 
fibers  during  several  heating  and  cooling  cycles.  Lockwood  [1] 
and  Ailes  [2]  reported  that  these  composites  exibited  a  permanent 
contraction  after  initial  heating  and  cooling  cycles  and  that 
this  contraction  becomes  less  after  succeeding  cycles.  Lockwood 

[1]  explained  this  on  the  basis  that  glass  fibers  contract  a 
finite  amount  at  high  temperature  and  slippage  of  fibers  within 
the  metal  as  a  result  of  internal  straining  of  the  metal  due  to 
different  thermal  expansion  of  the  fibers  and  the  matrix.  Ailes 

[2]  observed  a  cumulative  contraction  of  about  0.2  -0.4?  after 

initial  heatine. 
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1.9.  BORON  FILAMENT,  ALUMINUM-2024  MATRIX  COMPOSITE 

THERMAL  LINEAR  EXPANSION 

Gerdeman  et  al .  [1]  reported  data  for  a  composite 

containing  40  volume  percent  boron  filaments  in  ar.  Ai-2024 
matrix.  The  specimens  in  addition  to  being  hot  pressed  at  high 
pressure,  solution  treated  and  water  quenched  were  aged  50  hours 
at  340°F.  Measurements  on  the  several  specimens  yielded  fairly 
consistent  results. 

REFERENCE 

1.  Gerdeman,  D.A. ,  Wurst,  J.C. ,  Cherry,  J.A. ,  and  Berner,  W.E. , 
U.S.  Air  Force  Rept.  AFML-TR-6853 ,  94  pp. .  1968.  [AD-835 
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FIGURE  1H.  THERMAL  LINEAR  EXPANSION  OF  BORON  FILAMENT 
ALUMINUM-202^  MATRIX  COMPOSITE. 


1.10.  BORSIC  FIBER,  ALUMINUM-2024  MATRIX  COMPOSITE 


THERMAL  LINEAR  EXPANSION 

Kreider  and  Patarini  [1]  reported  thermal  expansion  data  for 
hot  pressed  and  diffusion  bonded  composites  containing  55  volume 
percent  Borsic  fibers.  These  data  included  results  of 
measurements  for  seven  composites  which  were  cut  from  0  deg.  to 
90  deg.  relative  to  the  fiber  axis.  Percent  thermal  expansion 
near  570  K  increased  from  0.116  for  a  0  deg.  cut  to  0.573  for  a 
90  deg.  cut  in  a  fairly  regular  manner. 

REFERENCE 

1.  Kreider,  K.G.  and  Patarini,  V.M. ,  Trans.  Met.  Soc.  AIME, 
1(12),  3431-5,  1970. 
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TABLE  11.  DATA  ON  THE  THERMAL  LINEAR  EXPANSION  OF 
BORSIC  FIBER,  ALUMINUM-2024  MATRIX  COMPOSITE  (continued) 
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TABLE  11.  DATA  ON  THE  THERMAL  LINEAR  EXPANSION  OF 
BORSIC  FIBER,  ALUMINUM-2024  MATRIX  COMPOSITE  (continu 


SYMBOL 


THERMAL  LINEAR  EXPANSION  OF  BORSIC  FIBER 
RLUMINUM-202H  MATRIX  COMPOSITE. 


1.11.  AM  365  STAINLESS  STEEL  WIRE. 
ALUM INUM-2024-T8 1  MATRIX  COMPOSITE 


THERMAL  LINEAR  EXPANSION 

Gerdeman  et  al.  [1]  reported  the  thermal  expansion  for  a 
composite  containing  25  volume  percent  steel  wires.  The 
measurements  were  on  a  specimen  which  had  undergone  various  heat 
treatments  such  as  hot  pressing,  cold  working,  and  ageing. 
During  the  first  heating,  the  specimen  began  to  contract  above 
500°F  and  about  0.3*  permanent  and  irreversible  contraction  was 
observed.  Subsequent  tests  yielded  fairly  reproducible  results. 

REFERENCE 

1.  Gerdeman.  D.A. ,  Wurst,  J.C. .  Cherry,  J.A. ,  and  Berner,  W.E. , 
U.S.  Air  Force  Rept.  AFML-TR-6853 ,  94  pp. ,  1968.  [AD-835 
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1.12.  BORON  FIBER,  ALUMINUM-6061  MATRIX  COMPOSITE 
THERMAL  LINEAR  EXPANSION 

Christian  and  Campbell  [13.  Hertz  et  al.  [2],  Hofer  et  al. 
[3],  Schramm  and  Kasen  [4],  Wolff  and  Eselun  [5],  and  Cairo  and 
Torczyner  [6]  reported  thermal  expansion  data  for  various  types 
of  composites  containing  unidirectional  laid-up  47  to  55  volume 
percent  boron  fibers  in  an  aluminum-6061  alloy  matrix.  The 
measurements  in  axial  and  transverse  directions  yielded  fairly 
consistent  results  for  the  most  part. 

THERMAL  CONDUCTIVITY 

There  are  three  references  [3,7,8]  in  which  the  thermal 
conductivity  of  boron  fiber  Al-6061  matrix  composite  is  reported: 
ref.  [3]  for  the  temperature  range  ~70  -  670  K,  ref.  [7]  7 

276  K,  and  ref.  [8]  122  -  408  K.  The  first  two  references 

contain  data  for  specimens  having  fiber  contents  of  ~50X,  and  for 
heat  flow  in  the  parallel  and  the  perpendicular  (to  the  fiber) 
directions.  Ref.  [8]  reported  data  on  boron  fiber  A 1-6061-0 
matrix  composite.  The  data  included  one  set  for  an  8— ply  panel , 
with  2  parallel  outer  plys.  and  four  perpendicular  center-cross 
plys.  This  data  set  was  for  heat  flow  parallel  to  the  outer 
plys.  Two  other  data  sets,  one  for  heat  flow  parallel  to  and  one 
for  heat  flow  perpendicular  to  the  plys,  were  for  7— ply  panels. 
These  panels  were  made  by  diffusion  press  bonding,  with  silicon/ 
aluminum  sheet  placed  between  the  plys  and  at  the  outer  surfaces. 


89 


SPECIFIC  HEAT 

Christian  and  Campbell  [1]  and  Hertz  et  al.  [2],  reported 
specific  heat  data  for  unidirectional ly  laid  up  44.1  volume 
percent  0.14  mm  diameter  boron  fibers  in  an  aluminum  alloy  6061 
matrix.  Their  value  of  986  J  kg-1  K-1  at  297  K  was  compatible 
with  the  value  of  970  J  kg"1  K"1  at  300  K  reported  by  Col  lings 
and  Smith  [9]  . 
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THERMAL  LINEAR  EXPANSION  OF  BORON  FIBER 
RLUMINUH-B06I  MATRIX  COMPOSITE. 


THERMAL  CONDUCTIVITY  OF  BORON  FIBER 
ALUMINUM-BOB l  MATRIX  COMPOSITE. 


■ECIFIC  HEAT  OF  BORON  FIBER. 
.UMINUM-60B1  MATRIX  COHPOSITE 


1.13.  BORON  FIBER/AM  350  STAINLESS  STEEL  WIRE, 
ALUMINUM-6061  MATRIX  COMPOSITE 

THERMAL  CONDUCTIVITY 

There  is  one  reference  [1]  in  which  the  thermal  conductivity 
of  boron  fiber  /  stainless  steel  wire  aluminum-6061-0  matrix 
composite  is  reported.  The  single  specimen  consisted  of  3-3-3 
ply  panels,  with  the  outer  three  plys  made  from  boron  filaments. 
The  three  plys  at  the  center  were  made  from  AM  350  stainless 
steel  wires.  The  alignment  of  the  panels  was  such  that  the  outer 
plys  were  parallel  to  each  other,  and  the  center  three  plys  were 
at  right  angles  to  the  outer  ones.  The  panels  and  the  final 
composite  were  made  by  diffusion  press  bonding.  The  thermal 
conductivity  data  reported  were  for  heat  flow  in  the  plane  of  the 
panels  and  parallel  to  the  direction  of  the  outer  plys. 

REFERENCE 

1.  O'Kelly,  K.P.,  NASA  Rept.  NASA-CR-1 15221 ,  79  pp. ,  1971. 

[N72-11432J 


1.14.  BORSIC  FIBER,  ALUMINUM-BOB 1  MATRIX  COMPOSITE 
THERMAL  LINEAR  EXPANSION 

Christian  and  Campbell  [1]  and  Hertz  et  al .  [2]  reported 

data  for  a  composite  containing  53  volume  percent  unidirectional 
Borsic  fibers  in  an  aluminum-6061  matrix.  Thermal  expansion 
along  the  fiber  axis  was  fairly  low  (about  0.2043?  at  644  K) ;  and 
perpendicular  to  fiber  axis  it  was  about  0.6943?  at  644  K.  No 
attempt  was  made  to  resolve  the  discrepancy  in  the  thermal 
expansion  values  below  293  K  reported  in  these  two  references. 

SPECIFIC  HEAT 

Hertz  et  al.  [1]  reported  specific  heat  values  of  406  to 
1460  J  kg  K_1at  temperatures  from  86  K  to  642  K  for  a  plasma- 
sprayed  composite  containing  47.2  volume  percent  Borsic 
filaments. 

REFERENCES 

1.  Christian,  J.L.  and  Campbell,  M.D. ,  Proc.  Cryogen.  Eng. 

Conf.,  175-83,  1973. 

2.  Hertz,  J. ,  Christian,  M.D.  ,  Varlas,  M. ,  et  al.,  U.S.  Air 

Force  Rept.  AFML-TR-71 ,  Vo  1.2,,  394  pp. ,  1972.  [AD-893  715] 
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1.15.  BORSIC  FIBER,  TITANIUM/ ALUMINUM-6081  MATRIX  COMPOSITE 
THERMAL  LINEAR  EXPANSION 

Christian  and  Campbell  [i]  and  Hertz  et  al.  [2]  reported 
thermal  expansion  data  for  plasma-sprayed  Borsic/Titanium/ 
Aluminum  tapes  manufactured  by  United  Aircraft  Research 
Laboratory  containing  49.1  volume  percent  Borsic  filaments,  23.6 
volume  percent  titanium,  and  27.3  volume  percent  aluminum-6061 
alloy.  Mo  attempt  is  made  to  reconcile  the  differences  in 
thermal  expansion  below  293  K  reported  by  these  two 
investigators. 

SPECIFIC  HEAT 

Christian  and  Campbell  [1]  and  Hertz  et  al.  [2]  reported 
specific  heat  data  for  a  49.1  volume  percent  Borsic  filament, 
23.6  volume  percent  3-3  titanium  foil,  and  27.3  volume  percent 
aluminum-6061  sheet  composite  made  by  diffusion  bonding  of 
plasma-sprayed  tapes.  Specific  heat  values  range  from  280  J  kg-1 
K"1  at  96  K  to  1355  J  kg'1  K~l  at  637  K  [2]. 

REFERENCES 

1.  Christian,  J.L.  and  Campbell,  M.D.,  Pro.c.  C.  yogen.  Eng. 

Conf.,  175-63,  1973. 

2.  Hertz,  J, ,  Christian,  M.D.,  Varlas,  M. ,  et  al.,  U.S.  Air 

Force  Rept.  AFML-TR-71 ,  Vol.  2,  394  pp. ,  1972.  [AD-893  715} 
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TABLE  16.  DATA  ON  THE  THERMOPHYSICAL  PROPERTIES  OF 
BORSIC  FIBER,  TITAN IUM/ALUMINUM-G061  MATRIX  COMPOSITE  (continued) 
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TABLE  16.  DATA  ON  THE  THERMOPHYSICAL  PROPERTIES  OF 
BORSIC  FIBER,  TITANIUM/ALUMINUM-6061  MATRIX  COMPOSITE  (continued) 


TABLE  16.  DATA  ON  THE  THERMOPHYSICAL  PROPERTIES  OF 
BORSIC  FIBER,  TITANIUM/ALUMINUM-6061  MATRIX  COMPOSITE  (continued) 


08*0 


THERMAL  linear  expansion  of  borsic  fiber 
TITANIUH/ALUHINUM-BOBl  MATRIX  COMPOSITE. 


SPECIFIC  HEAT  OF  B0RSIC  FIBER, 
TITANIUM/ALUMINUM-6061  MATRIX  COMPOSITE 


1.16.  BORSIC  FIBER,  AM  355  STAINLESS  STEEL/ ALUMINUM-6061 

MATRIX  COMPOSITE 


THERMAL  LINEAR  EXPANSION 

Hertz  et  &1~  [1]  and  Christian  and  Campbell  [2]  reported 

thermal  expansion  of  a  composite  made  from  Borsic/aluminum-6061 
plasma-sprayed  and  Borsic/aluminum-6061  diffusion-bonded  material 
and  stainless  steel /aluminum-6061  diffusion-bonded  monolayer 
sheet  material.  Thermal  expansion  of  a  we  1 1 -processed  composite 
containing  42.1  volume  percent  Borsic  fibers  and  5.6  volume 
percent  stainless  steel  wires  is  about  0.1922  and  0.6752  near  646 
K,  respectively,  along  axial  and  transverse  directions.  No 
attempt  is  made  to  reconcile  different  values  of  thermal 
expansion  below  293  K  reported  in  these  two  references. 

SPECIFIC  HEAT 

Christian  and  Campbell  [1]  and  Hertz  et  al.  [2]  reported 
specific  heat  data  for  a  52.3  volume  percent  aluminum-6061,  42.1 
volume  percent  0.1  mm  Borsic  fibers,  and  5.6  volume  percent  0.05 
mm  AM  355  stainless  steel  wire  composite  made  by  plasma  spraying 
Borsic/Al-6061  and  diffusion  bonding  AM  355  stainless  steel/AI- 
6061  tapes.  Specific  heat  values  range  from  339  J  kg-1  K"1  at  89 
K  to  1314  J  kg‘l  K-1  at  642  K  [2]. 

REFERENCES 

1.  Christian,  J.L.  and  Campbell,  M.D.  ,  Proc.  Cryogen.  Er.g. 

Conf.,  175-83,  1973. 
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SPECIFIC  HERT  OF  BQRSIC  FIBER, 

RM  355  STRINLESS  STEEL/RLUHINUM-6081  MRTRIX  COMPOSITE 


1.17.  GRAPHITE  FIBER,  ALUMINUM-6061  MATRIX  COMPOSITE 

THERMAL  LINEAR  EXPANSION 

Gigerenzer  and  Strempek  C 1 3  reported  data  for  a  composite 
containing  40  volume  percent  T50  graphite  fibers  in  an  aluminum- 
6061  matrix.  This  composite  contracts  0.027S  at  873  K. 

THERMAL  CONDUCTIVITY 

There  is  one  reference  [2]  in  which  the  thermal  conductivity 
of  graphite  fiber  aluminum-6061-0  matrix  composite  is  reported. 
The  data  are  for  a  3-ply  panel  with  graphite  fibers  coated  with 
nickel  before  being  consolidated  into  the  composite,  and  for  heat 
flow  in  a  direction  perpendicular  to  the  fibers  only. 

REFERENCES 

1.  Gigerenzer,  H.  and  Strempek,  G.C.,  Army  Materials  Mechanics 
Research  Center  Rept.  AMMC-CTR-76-19,  29  pp. ,  1976.  [AD-A031 
437] 

2.  O'Kelly,  K.P.,  NASA  Rept.  NASA-CR-1 15221 ,  79  pp. ,  1971. 
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ALUMINUM-8061  MATRIX  COMPOSITE. 


THERMAL  CONDUCTIVITY  OF  GRAPHITE  FIBER 
ALUMINUM-6061  MATRIX  COMPOSITE. 


1.18.  BERYLLIUM  WIRE,  ALUMINUM-7002  MATRIX  COMPOSITE 
THERMAL  LINEAR  EXPANSION 

Gerdeman  at  al.  [1]  reported  thermal  expansion  data  for  26 
volume  percent  beryllium  wires  in  an  aluminum-7002  matrix.  The 
data  are  on  several  diffusion-bonded  specimens  during  heating  and 
cooling.  No  apparent  anomalies  were  observed  and  the  measurement 
direction  is  not  reported. 
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1.19.  SiC  WHISKER,  A1-3.5CU  MATRIX  COMPOSITE 


THERMAL  LINEAR  EXPANSION 

Barr  [1]  reported  thermal  expansion  data  for  a  hot  pressed 
composite  containing  20  volume  percent  SiC  whiskers.  Fairly 
consistent  results  were  obtained  for  their  cooling  and  heating 
measurements.  The  measurement  direction  is  not  reported. 
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IERM9L  LINEAR  EXPANSION  OF  SIC  WHISKER 
.-5 .5  CU  MATRIX  COMPOSITE. 


CHAPTER  2 


COPPER  AND  COPPER  ALLOY  MATRIX  COMPOSITES 
2.1.  BORON  FIBER.  COPPER  MATRIX  COMPOSITE 
THERMAL  LINEAR  EXPANSION 

Wolff  and  Hill  [1]  reported  thermal  expansion  data  for  three 
composites  of  densities  from  452-  491  lb  ft-8  and  containing  10 
volume  percent  continuous  aligned  fibers.  Percent  thermal 
expansion  value  at  about  589°F  drops  from  0.466  for  a  composite 
with  density  452  lb  ft-3  to  0.310  for  a  composite  with  density 
491  lb  ft"3.  They  also  reported  thermal  expansion  data  for  10-30 
volume  percent  discontinuous  aligned  boron  fibers  composites  of 
densities  448-488  lb  ft"3.  In  general.  composites  with 
continuous  aligned  fibers  exhibit  lower  expansion  than  those  with 
discontinuous  aligned  fibers. 

ELECTRICAL  RESISTIVITY 

Only  two  data  sets  on  the  electrical  resistivity  of  coppei — 
boron  composites  are  available  as  a  function  of  temperature  from 
294  to  1100  K  for  5.9%  and  6.4%  boron  fiber  volume  [2].  The 
electrical  resistivity  increases  with  an  increase  in  temperature. 
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TABLE  21.  DATA  ON  THE  THERMAL  LINEAR  EXPANSION  AND  ELECTRICAL 
RESISTIVITY  OF  BORON  FIBER.  COPPER  MATRIX  COMPOSITE  (continued) 
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2.2.  CARBON  FIBER,  COPPER  MATRIX  COMPOSITE 

THERMAL  LINEAR  EXPANSION 

Busalov  et  al.  [1]  reported  thermal  expansion  data  for  30 
volume  percent  carbon  fibers  in  a  copper  matrix.  ■  Some  of  their 
observations  are  as  follows.  Thermal  expansion  of  this  composite 
is  fairly  linear  up  to  150-200°C,  and  above  600°C  it  starts  to 
contract  which  is  explained  as  due  to  the  negative  thermal 
expansion  coefficient  of  carbon  fibers  and  also  due  to  the 
increased  yield  stress  of  the  matrix.  The  data  show  that  the 
thermal  expansion  of  the  specimen  in  the  transverse  direction  is 
much  higher  and  is  fairly  proportional  to  the  temperature  up  to 
700 #C.  Even  after  more  heating  cycles  the  specimen  did  not  show 
any  permanent  shrinkage  in  the  transverse  direction,  and  the 
expansion  was  independent  of  the  fiber  content. 
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ABLE  22.  DATA  ON  THE  THERMAL  LINEAR  EXPANSION  OF 
CARBON  FIBER,  COPPER  MATRIX  COMPOSITE  (continued) 
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FIGURE  33.  THERMAL  LINEAR  EXPANSION  OF  CARBON  FIBER*  COPPER  MATRIX  COMPOSITE 


2.3.  TUNGSTEN  FIBER,  COPPER  MATRIX  COMPOSITE 


THERMAL  LINEAR  EXPANSION 
F 
I 


Salibekov  et  al.  [1]  reported  thermal  expansion  data  for 
composite  containing  18  volume  percent  plated  tungsten  fibers 
|  impregnated  with  molten  copper.  They  [1]  also  reported  the  data 

t 

for  a  composite  containing  12  volume  percent  tungsten  net. 
Introduction  of  18  volume  percent  tungsten  fibers  into  the  copper 
|  matrix  sharply  reduces  its  thermal  expansion.  Intensive 

relaxation  of  stresses  in  the  matrix  begins  around  500  K.  At 
about  1073  K,  the  overall  thermal  expansion  of  the  composite 
approaches  that  of  tungsten.  Thermal  expansion  of  a  composite 
with  12  volume  percent  tungsten  net  differs  little  from  a 
composite  with  uniaxial  aligned  fibers.  Thermal  expansion  of  58 
volume  percent  tungsten  fiber  composite  is  almost  the  same  as 
that  of  tungsten. 


ELECTRICAL  RESISTIVITY 

i 


There  are  four  data  sets  on  the  electrical  resistivity  of 
copper  matrix  with  tungsten  wires  available  as  a  function  of 
volume  percent  of  tungsten  wires  at  293  K  [2].  One  data  set  is 
for  a  composite  with  continuous  structure  and  three  are  for 
composites  having  discrete  structure. 
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FIGURE  3H.  THERMAL  LINEAR  EXPANSION  OF  TUNGSTEN  FIBER 
COPPER  MATRIX  COMPOSITE. 


2.4.  TUNGSTEN  MESH.  COPPER  MATRIX  COMPOSITE 


THERMAL  LINEAR  EXPANSION 

Salibekov  et  al.  [1]  reported  thermal  expansion  data  for  a 
composite  containing  12  volume  percent  tungsten  net  in  a  copper 
matrix.  This  composite  expands  about  0.52  percent  near  1073  K 
(measurement  direction  is  not  reported). 

THERMAL  CONDUCTIVITY 

There  are  two  references  [2,3]  in  which  the  thermal 
conductivity  of  tungsten  mesh  copper  matrix  composite  is 
reported.  The  tungsten  mesh  content  of  these  specimens  varies 
from  3.7  to  13.4  volume  percent  [2],  and  from  3.7  to  12  volume 
percent  [3] .  Ref.  [3]  also  reported  conditions  (pressure, 
temperature,  and  time)  under  which  the  specimens  were  prepared. 
However,  some  of  the  data  appear  to  be  duplicates  (c.f.  data 
sets  1  and  5,  2  and  6,  and  3  and  7)  as  one  of  the  authors  is 
common  to  both  of  these  references. 

ELECTRICAL  RESISTIVITY 

There  are  four  data  sets  on  the  electrical  resistivity  of 
copper  matrix  with  tungsten  network  available  from  reference  [2] 
-as  a  function  of  temoerature  from  100  to  500  K  at  tunasten  volume 
of  3.7,  7.2,  12  and  ?3.4%.  The  measurements  were  made  in  the 
direction  parallel  to  the  reinforced  networks. 
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TABLE  P.5 .  DATA  ON  THE  THERMOPHYSICAL  PROPERTIES  AND  ELECTRICAL 
RESISTIVITY  OF  TUNGSTEN  MESH,  COPPER  MATRIX  COMPOSITE 
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2.5.  POLYVINYL  CHLORIDE  FIBER,  COPPER  MATRIX  COMPOSITE 

ELECTRICAL  RESISTIVITY 

Seven  data  sets  on  the  electrical  resistivity  of  composites 
containing  polyvinyl  chloride  fibers  in  a  copper  matrix  have  been 
reported  [1].  The  data  show  that  at  low  copper  volume  loading, 
the  composite  resistivity  is  essentially  that  of  the  insulating 
polymer(~10t 2  Q  m) .  A  dramatic  fall  of  resistivity  in  the 
neighborhood  of  5  volume  percent  copper  loading  occurs  due  to  the 
formation  of  a  segregated  network.  The  resistivity  of  the 
annealed  samples  with  increased  metal  loadings  always  shows 
higher  values  than  that  of  the  samples  before  annealing,  probably 
due  to  the  elimination  of  all  free  ions  during  prolonged 
annealing  or  due  to  the  metal  particles  in  the  bulk  of  the 
material  leading  to  a  more  stable  configuration.  The  increase  of 
resistivity  with  the  increase  of  temperature  is  almost 
logarithmic  which  may  be  due  to  the  different  coefficients  of 
thermal  expansion  of  the  polymer  and  the  metal.  The  internal 
stresses  localized  around  the  metal  particles  decrease  with 
increasing  temperature  as  the  thermal  expansion  coefficient  of 
the  metal  is  lower  in  comparison  with  that  of  the  polymer.  This 
leads  to  a  fall  in  contact  pressure  between  the  metal  particles, 
which  results  in  an  increase  of  resistivity  with  increasing 
temperature . 
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process  was  carried  out  several  times 
to  ensure  complete  removal  of  air, 
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CHAPTER  3 


LEAD  AND  LEAD  ALLOY  MATRIX  COMPOSITES 
3.1.  'E1  GLASS  FIBER,  LEAD  MATRIX  COMPOSITE 
THERMAL  LINEAR  EXPANSION 

Whitehurst  et  al.[l]  and  Lockwood  [2]  reported  a  value  of 
about  0.138  for  the  percent  thermal  expansion  at  564  K  for  a 
composite  containing  20  volume  percent  parallel  oriented  'E* 
glass  fibers  in  a  lead  matrix. 
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CHAPTER  4 


MAGNESIUM  AND  MAGNESIUM  ALLOY  MATRIX  COMPOSITES 

4.1.  GRAPHITE  FIBER.  MAGNESIUM  MATRIX  COMPOSITE 

THERMAL  LINEAR  EXPANSION 

Pincheiro  et  al.  [1]  reported  thermal  expansion  data  for  a 
composite  containing  35  volume  percent  "Thorne!  50"  graphite 
fibers  in  a  magnesium  matrix.  This  composite  expands  about  0.041 
percent  at  470  K.  Armstrong  and  Ellison  [2]  reported  a  value  of 
0.9  x  10"6°F_1  between  0°  and  -250°F  for  the  mean  coefficient  of 
thermal  expansion  of  a  composite  containing  38.5  volume  percent 
GY  70  graphite  fibers. 

THERMAL  CONDUCTIVITY 

There  is  one  reference  [1]  in  which  the  thermal  conductivity 
of  graphite  fiber  (Thornel  50)  magnesium  matrix  composite  is 
reported.  The  data  cover  room  temperature  and  below  (tc  ~3  K) . 
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CHAPTER  5 

NICKEL  AND  NICKEL  ALLOY  MATRIX  COMPOSITES 

3.1.  CARBON  FIBER,  NICKEL  MATRIX  COMPOSITE 

THERMAL  CONDUCTIVITY 

There  is  one  reference  [1]  in  which  the  thermal  conductivity 
of  carbon  fiber  nickel  matrix  composite  is  reported.  The  data 
are  for  specimens  having  35  to  55  volume  percent  fiber  content, 
and  for  heat  flow  both  in  the  parallel  and  the  perpendicular  (to 
the  fiber)  directions.  However,  the  temperature  at  which  these 
data  were  obtained  was  not  given,  and  it  was  assumed  to  be  293  K. 
No  other  information  on  the  composites  was  reported. 
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European  Conf.  on  Thermophys.  Prop,  of  Solids  at  High  Temp., 
19  pp. .  1976. 


30.  DATA  ON  THE  THERMAL  CONDUCTIVITY  OF  CARBON  F^BER 
NICKEL  MATRIX  COMPOSITE (FIBER  VOLUME  DEPENDENCE) 
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5.2.  GRAPHITE  FIBER,  NICKEL  MATRIX  COMPOSITE 


THERMAL  LINEAR  EXPANSION 

There  are  28  data  sets  available  for  the  thermal  expansion 
of  this  composite  as  a  result  of  the  studies  of  Volk  et  al. 
[1,2],  Niesz  [3],  and  Salibekov  [4],  The  content  of  graphite 
fibers  ranged  from  25  to  50  volume  percent.  An  extensive  study 
of  Volk  et  al.  [1,2]  yielded  the  data  obtained  during  numerous 
thermal  cycles  (including  100,  500,  and  1000  cycles).  However, 
their  latter  measurements  [2]  which  were  repeated  principally  for 
increased  accuracy  and  to  clarify  the  cyclic  behavior  which  they 
obtained  earlier  [1]  could  not  adequately  explain  the  different 
longitudinal  expansion  behavior  they  obtained  in  their  two 
studies.  All  of  these  investigators  [1-4]  observed  a  hysteresis 
effect  in  the  thermal  expansion  during  various  thermal  cycles. 
This  was  explained  as  due  to  the  stresses  generated  in  the 
composite. 
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488] 

3.  Niesz,  D.E.,  Battelle  Memorial  Inst.  Rep.,  94  pp. ,  1968. 
[AD-836  764] 

4.  Salibekov,  S.E. ,  Portnoi,  K.I.,  and  Chubarov,  V.M.,  High 
Temp.,  10(4),  702-6,  1972. 
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TABLE  31.  DATA  ON  THE  THERMAL  LINEAR  EXPANSION  OF 
GRAPHITE  FIBER.  NICKEL  MATRIX  COMPOSITE  (continued) 
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TABLE  31.  DATA  ON  THE  THERMAL  LINEAR  EXPANSION  OF 
GRAPHITE  FIBER,  NICKEL  MATRIX  COMPOSITE  (continued) 


040 


K 


00  t"  ID  CM 
CO  'T  'T  ID  CO 
O  O  O  O  O 


c 

hO 

0 

c 

c 

♦H 

•rt  43 

43  - 

(A  (A  — 

O  -4 

S  At 

C  -rt  At 

bo  O 

•rt  > 

At  S 

u  >> 

• 

O  U 

ft  43  G 

43  O 

4) 

43  43 

X  -rt  43 

*3 

b# 

0.43 

43  X 

C  ® 

C 

<A  C 

43  43 

3  .C 

3 

•H 

•3  At 

43  4= 

At 

4i  .c  s 

43  43 

O 

.C 

4_)  »H 

At 

0  c 

43  *rt 

•V 

G  3  • 
as  43  vi 
•-»  *rt  4) 
•rt  ho— > 
SCO 
•H  O  >» 

to  -«  o 


»-iCD^ri^OOCM10COCOflO 

oo^cMco^r^^rtDtD 

oooooooooo 


«  a  « 

X  43 
«  0)  B 
.C  -rt 
43  -  43 
At 

0  c  o 

43  *rt  O 

•3  to 
fc.  3 

At  43  TJ 

—  -rt  43 
•rt  b0  — < 

ECO 
•rt  O  >» 
to  —  O 


#  0  0  4) 
C.  £  -H  3 
O  4J  t»  U  A 
43  43  U 

CJ  U  43  l.  43 
O  0)  E 
■H  >  >)Tt  C 

4)  O  «  C  -H 

■  o  at 

At  (A  At  JC 

U  4)  0.0 

e  >  o  -h 
c  n  o  o  JC 

O  43  x  —  » 

o  V) 

IO  O  43 

c  o  o  *h  c 

O  to  O  (A  V 
•rt  ID  4)  *3 
<A  *3  CM  O  *h 
C«'f#> 
At  -  I  *3  4) 

O.  O  ID  0 

>  X  >i  CM  >»  <A 

43  OHjC-h 


O  X  43  *3 

O  43  <H  £  At 

V.  (A  At 

(AO  JC 

C  43  ft  C  O 

•H  S  S  O  3 

At  4)  O  -rt  <A 

43  E  O  43 

G  4»  At  L. 

4)  O  At  E  O 

0  3  t.#. 

(A  (A  <U  O 

At  At  O  C.  *0 

4)  43  4) 

O  E  >>"3  1. 

43  43  *rt 

C  -H  43  3 

4)  O  -•  G  O' 

*rt  <rt  43  43 

X  V>  X  G  U 

•rt  C  -rt  At 

(A  At  (A  E  U 

(A  ft  (A  U  C 

O  X  O  43  O 

ft  4)  ft  0.43 


<h  CM  <0  0)  CO  t" 

O  O  O  O  r-l  ^4 

o  o  o  o  o  o 


ooooo  oooooooooo  oooooo 


to  CO  t"  CD  <0 


CO  0)  o 


OOrttO’ThroiDfflOO 

otOrtCOrtoiDoroh 

COCO'T'TtDtDtD©©^ 


co  ^  cm  to  cm  ^ 

O  t"*  f"  N 

CO  CO  'T  to  <0  t>- 


-U  — 

It 

o  c 

X>  H 

•o 

t.  3  • 
«(  4J  « 
^  -H  « 
•H  t3*-4 

SCO 
•H  o  >» 
to  O 


ri-T.":*.*' 


•  ■!.  *  .  ■ 
*1  ■*,  •  *!  •  4 

-  •  » 

J%r.oTv] 

.  ••  *. ' 


U  J 

ft.  <J 


*  *  *  * 

H'TOIOO'T 
O  O  H  H  W  N 
O  O  O  O  O  O 


0)  0)  -h  CD  0)  «-!  W  CM  C*J  CM  N  'T  0)  00  h- 00  CO  00 

O  W  CO  O  ID  ^  10  CM  10  ^  0)  0)  rn  CnI  0)  W  W  ^  h 

oo  dm  coior^oowco^cor'-iN  o  o  o  *-<  cu 


i 


OOOOOO  OOOO  OOOOr-(»HT-)T-iT-t*-<TH  OOOOO 


«-*  CO  CM  CD  O  to 

O  ^  fs  fs 

CO  CO  'T  ID  CD  tv 


£0>oo  owo)©ono)0>Hoo)  ,r^'«-«©co 
S  55  rJ  2  coco»Ho^cococoic<«-t'5r  o^cooco 

CO  CO  'T  tOCOh-COOOO)OOi-<CMW  CO  CO  00  CO  V 


* 

M*  CO  to  to  CM 
CM  CM  CM  CM  CM 
O  O  O  O  O 


O  O  O  O  O 


CO  CM  CD  0)  CO 
^  h-  f-  CM  ID 
0)  O  <h  CM  CM 


•ft 

c 

0  r— i 
O  CO 

V  i — i 


c 

o 

•H  TJ 

X  -U  C 

(ft  o  o 

U  4)  O 

•HI,  <l> 

<m  L.  O 

O 

4J  O  X 

a  a 

4)  43  4) 

o  c  o 

X  -H  X 

4)  O  0 

ft 

4)  4) 

>  O  > 

0  U  O 

.0  4)  X 

(ON  flj 


4)  - 
X  4) 

■0  — • 

o 

o  >>  • 

4)  OK 
ID 

«S  C  O 

•— i  «H  ♦ 

•H  »— •  O 

6  o 

•H  O  V) 
W  O  -H 


4J  . 

X  4) 
43  — 
O 

0  >> 
43  O 

U  MS 
(6  C 

*H 
•H  4-) 

e  ns 

•H  4) 

W  X 


*  *  *  *  #  * 

0<-iCMO>COCOCD*hOCMOCDCM(0*hCDC» 

OOOOrtHHWON^'nDIDCDNCO 

ooooooooooooooooo 


ooooooooooooooooo 

I  I  I  I  I  I  I 


* 

«H  CO  M*  O  CM 
OOH'TflO 

o  o  o  o  o 


o  o  o  o  o 


CO  l"  CO  CO  CO  CO  *-<  ^  CO  M1  CO  ^  CO  ID  CD  id  CO  cm 
aOSOCMNCOOCMh-Nt^t'-t'-NC'-t'-CO  0)  O  CM  t-  N 
CM  CM  CO  CO  CO  CO  M1  'T  ^  ID  CD  h-  CD  0)  O  <h  CM  CM  CO  CO  CO  M* 


TABLE  31.  DATA  ON  THE  THERMAL  LINEAR  EXPANSION  OF 
GRAPHITE  FIBER,  NICKEL  MATRIX  COMPOSITE  (continued) 
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5.3.  SiC  FILAMENT,  NICKEL  MATRIX  COMPOSITE 

THERMAL  LINEAR  EXPANSION 

Chuang  Cl]  reported  a  value  of  8.4  x  10" 6  K"1  for  the  mean 
coefficient  of  thermal  expansion  between  room  temperature  and  873 
K  for  30  volume  percent  SiC  filaments  in  a  nickel  matrix. 

REFERENCE 

1.  Chuang,  K.C. ,  U.S.  Air  Force  Rept.  AFML-TR-66-330 ,  59  pp. , 
1966.  [AD-802  423] 


Author(s),  Y«ar 
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5.4.  TUNGSTEN  WIRE.  KhNSOV  MATRIX  COMPOSITE 

THERMAL  LINEAR  EXPANSION 

Karpinos  et  al.  [1]  reported  thermal  expansion  data  for 

composites  containing  alternate  sheets  of  KhN60V  (25£Cr,  15%W  and 
4*Fe,  nickel  base)  alloy  matrix  and  unidirectional  1 y  oriented  VA 
tungsten  (nominally  1003>  pure)  wires  of  0.18  mm  diameter  prepared 
by  dynamic  densif ication  under  a  friction  hammer.  The  Composites 
contained  8.6,  18,  22,  and  25  volume  percent  of  reinforcement. 

Since  The  thermal  expansion  of  the  matrix  material  is  much  higher 
than  that  of  the  fiber  material  at  low  temperatures  where  the 
matrix  makes  the  main  contribution  to  the  expansion  of  the 
composite,  the  expansion  increases  in  accordance  with  the 
expansion  of  the  pure  matrix.  As  the  temperature  is  increased, 

the  matrix  becomes  plastic  and  the  thermal  expansion  begins  to 

fall  after  passing  through  a  maximum.  The  temperature 

corresponding  to  this  maximum  decreases  with  increasing  fiber 
content.  Karpinos  .et  al.  [1]  also  proposed  a  method  for 
calculating  the  coefficient  of  thermal  expansion  of  composites 
with  unidirectional ly  oriented  fibers  in  which  the  elastic- 
plastic  behavior  of  the  components  are  taken  into  account. 

REFERENCE 

1.  Karpinos,  D.M. ,  Tuchinskii,  L.I.,  Miroshnikova ,  T.K. ,  and 
Vishnyakov,  L.R. ,  Sov.  Powder  Met.  Metal  Ceram.,  (1),  82-5, 


1974. 
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5.5.  TUNGSTEN  FIBER,  ZhS6K  NICKEL  ALLOY  MATRIX  COMPOSITE 
THERMAL  LINEAR  EXPANSION 

Salibekov  et  al .  [1]  reported  thermal  expansion  data  for  a 

composite  containing  40  volume  percent  tungsten  fibers  in  ZhS6K 
nickel  alloy  matrix.  This  composite  expands  to  about  0.745 

percent  at  1127  K. 

REFERENCE 

1.  Salibekov,  S.E. ,  Portnoi,  K.I.,  and  Chubarov,  V.M.,  High 
Temp.,  10(4),  702-6,  1972. 


TEMPERATURE »  K 

THERMAL  LINEAR  EXPANSION  OF  TUN3STEN  FIBER 
ZHS6K  NICKEL  ALLOY  MATRIX  COMPOSITE, 


220 


5.6.  THORIA  DISPERSED,  NICKEL-CHROMIUM  ALLOY  MATRIX  COMPOSITE 
THERMAL  EMITTANCE 

There  is  one  reference  [1]  in  which  data  for  the  emittance 
of  a  thoria  dispersed  nickel-chromium  alloy  matrix  composite  are 
reported, and  over  the  temperature  1255  to  1478  K  there  is  a  slow 
decrease  in  emittance  as  the  temperature  increases.  For  a  thoria 
dispersed  nickel-chromium  alloy  with  an  addition  of  aluminum  and 
yttrium,  the  emittance  at  1478  K  shows  no  difference  compared 
with  that  of  the  alloy  without  that  addition. 

ELECTRICAL  RESISTIVITY 

Only  one  data  point  on  the  electrical  resistivity  at  room 
temperature  is  available  for  a  composite  with  nickel-chromium 
alloy  (20  volume  %  Cr)  matrix  [1]. 

REFERENCES 

1.  Cento lanzi,  F.  J.  ,  NASA  Rept.  NASA-TM-X-62015,  52  pp. ,  1971. 
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CHAPTER  6 

TITANIUM  AND  TITANIUM  ALLOY  MATRIX  COMPOSITES 

6.1.  MOLYBDENUM  FIBER,  TITANIUM  MATRIX  COMPOSITE 

THERMAL  LINEAR  EXPANSION 

Karpinos  et  al .  [1]  reported  thermal  expansion  data  for 

composites  containg  10-30  volume  percent  MCH  molybdenum  (99.9* 
technically  pure)  fibers  in  a  VT1-0  titanium  (99.9*  commercially 
pure)  matrix.  Thermal  expansion  along  the  fiber  orientation 
decreases  with  increasing  molybdenum  fiber  content.  Karpinos  et 
al.  [1]  also  reported  the  data  for  composite  specimens  with 

angle  between  fiber  direction  and  the  longitudinal  axis  of  the 
specimen  ranging  from  25  to  90  degrees.  Salibekov  et  al.  [2] 

reported  that  a  composite  made  by  sintering  and  subsequent 
extrusion  of  a  mixture  of  titanium  powder  and  discrete  20  volume 
percent  molybdenum  fibers  expands  to  about  0.438  percent  at  842 
K. 


REFERENCES 

1.  Karpinos,  D.M. ,  Kadyrov,  V.Kh. ,  Klimenko,  V.S. ,  Fefer, 
V.Ya. ,  and  Miroshnikova,  T.K. ,  Sov.  Powder  Met.  Metal. 
Ceram.,  (4),  301-3,  1974. 

2.  Salibekov,  S.E. ,  Portnoi,  K.I.,  and  Chubarov,  V.M. ,  High 


Temp.,  10(4),  702-6,  1972. 


224 


0, 

O 

X 

o  u 

M  £- 
W  M 

x  w 


M 


o 


O  >* 
J 
W  O 
P  2 

m 

< 

e- 


X 

<0 

t, 

« 

0. 

6 

4) 

E- 


<  o 

C 

Du  Du 

0 

X  2 

•H 

Id  O 

(ft 

O 

c 

os 

(0 

(ft 

<  X 

ft 

a: 

w  — 

X 

t, 

X 

2S  OS 

U 

(0 

o 

H  E- 

a 

M 

p  < 

U 

4) 

w 

2 

(0 

os 

X 

►J 

4) 

< 

<  2 

C 

•d 

Du 

2  P 

•H 

c 

X 

OS  — 

(0 

w 

U  3S 

I  < 

•H 

(A 

OS 

E-  E- 

(0 

C 

< 

— 

a 

o 

w 

U  E- 

u 

•H 

X 

X 

4) 

X 

— 

E-  * 

X 

(0 

OS 

E- 

O 

X  W 

•M 

J 

o  m 

•  • 

ft 

< 

(— ( 

X 

•H 

2 

<  tx. 

O 

OS 

E- 

- 

4) 

U 

<  2 

E- 

ft 

X 

P  P 

W 

E- 

X 

• 

w 

43 

•  p 

U 

CO  CQ 

3 

U 

<0 

v 

>- 


u 

0 

x 

x 

3 

< 


a 

o 

u 

Du 


a 

a 

« 

H 


X 
4>  •— < 
W 

ft 
(0  4) 
X  « 
<0 
P 


•d  x 
c 

*  *  *  <0  • 

•  #  *  Jh 

2  4=  W  - 

x  •  * 

•  •  (0  flf 

n  •  >  >•  > 

►  o 
«  -  .  x 

0  >  -n 
X 
C 
4) 


(A 

o 

c 


> 

0 
L 

e.  >»  a 

t.  •d  *H 
(0  (0 
iiy 


c 
»  x 

t,  (» 

43  0 
(»  (.> 
4I'H(J) 

a  ^ 


ft 

o 

ft  c 
o  o 


a 

4>  3 
X  c 

(A  *d 
O  X  - 
ft  >>  X 

a  - 


4)  X 
3  <0 
0*  O 
•H  *H 

C  ft 

O  -H 
43  (ft 

c 

4) 


O  >»TJ 

a  x 

4) 

#£•0  1. 
(ft  O  4)  3 


O 
X  — 

k  ■* 

-U  (ft 
(0  1*  —• 
a  4)  a 
>>  a 

M  (0  U 
C  ~  4> 

•h  x 

X  t.  X 
<0  4) 

C  X 

k  -H 
4)  ft 
X 


O 

X 


•0 

4) 

—  C  C 

4)  O  ‘H 

—  -H  S 
—  X  U 
(0  (0  4) 
i*  X  X 
<4  B  <0  C  43 
ft  4>  T3 


T? 

4) 
fc. 

3 
(A 
(0 
43 

a 

c  o 
(ft  o  u 
(0  -  ft  TJ 
»  4) 

a  x  x 
4>  a  3  c 


(0  s 

a  x 
3  *H 

•H  > 

c 

(0  -0 
03  4) 


O 

I 


E~ 

> 


t,  43 
(0  (0 
ft  t. 
41  4) 
U  ft 

0.  a 

4) 

(ft  43 
43 

O  X  ”d 
U  'H  (I 
O  (ft  43 
ft  O  <0 
C  ft  > 

•h  a  ® 

4)  0  — 
U  0  4) 


r# 

U  (ft 
o  t, 

« 

U  £3 
O  43  43  -H 
•H  X  ft 
(0C*d(AC0(Afc,*H 

O  ft  ft 
0 


a 

3 

C  43 


—  CLO  4)  *h  O 


•H  X  O 


*0 

4) 

U 

3 


43 

c 

4) 

•d  *h 

4)  O 
43  -H 
4,  ft 
O  ft 
t,  >>  ft  4) 


O 

» 

(ACM 
(0  *H 
4)  4> 

a  u  43 
43  <0 
C  43 

0  4)  £  41  O 

h  8  hi  4,0 

a  w  o  c  "d 

H  C  4)  -H  O  >»  (ft 

(0  (0  43  43  —  3 
ft*-*  <0  (0  •—  O 


ftX'H  41- 


4» 

C 


O  >»  ft  >»  4) 

i,  --  a  x  a  «  ft 


c 
o 
c  *h 


4-, 

o 

O  O  O  —  .* 

Tj  ft  8  O  43  O  fi 
4)  C  ft  43  (0 

(ft  -H  X  ft  (0  ft—  043 
043003  (ft  43—0 
o,4Z  o'  43  a 
a  c  <fl  o  tj  o  t. 

0*dWO  -H  43  4)  ft 

O  C  -H  a  43  -4  U 
(04!(fta<0ftft43 

(ft  a  c  a  -h  -o  a 

44  —  3  (0  (ft  (ft  3 

O-H—ft  *rt  C  43  •— 

0OOXCl<43£O 
ftft  >  43  0  ft*d  43  > 


(A  43  *0  X  3  O 

O  H  (0 

ft  —  43  •*  —  £  43 

O  10  ft  43  (0  ft  C 

8  >»  U  O  (0  <0 

(A  t,  43  43  S.  43 

X  43  X  (ft  14  (A 
ftX  *d  ft  43  c 

(0  X  U  (ft  3 

t  (0  0  —  £ 

m  •*  c  a  0  •h  ft 

O  (ft  43  X  >  X  O 

U  C  >  (0  (0 

O  O  43  •-£,«) 

•rl  -H  X  C  —  0ft  43 

a  X  O  O  I  4)  3 

o  MC43- 
C  43  c  t,  -H  C  <0 

o  (/i  o  <0  a  ft  > 


O 

\ 

J 

<3 


*  * 

lDl^»-(t'C0OC0T400r'tD^,^,t0^,,J‘ 
M’HNNNhHlDHffliH  <D*-((DN 
OOOOOrHrtNNnn^TIDlDCO 


ooooooooooooo 

I  I  I 


o  o  o 


ON0)t'>CMtv(Dtt)C9NG)<D,?'H^'(0 

PCONNCOCOPCOCOTOOCOPOl'-N 

•HNNOCO'T^'lDlOCDPf'f^OOOOO) 


H  H 


• 

P  N 
0) 
»  rt 

(ft 

o  * 

c  • 

•H 

ft  (0 
u 

«S  X 
iC  43 


43 

a 

3 

i  4 
0 
> 

ID 

CM 

X 

ft 

43 

O 

X 

43 

4)  • 
>  (ft 
O  L. 
X  43 
(0  X 

•H 
43  ft 
X 

X  8 
3 

O  C 
X  4) 
•d 
S~  X 
(0  >> 
»-4 

•H  o 

a  a 

*ri 

m  w 


ID  CM  O  ©  W  ID 
CM  CD  CM  CD  0>  CM 
OO^hhN 

oddodo 


l''  00  'T  —  <r* 
NMDOID0) 
WW'flOIOID 


CM  - 


TAdLE  36.  DATA  ON  THE  THERMAL  LINEAR  EXPANSION  OF 
MOLYBDENUM  FI3ER ,  TITANIUM  MATRIX  COMPOSITE  (continued) 
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6.2.  BORSIC  FILAMENT,  Ti-6A1-4V  ALLOY  MATRIX  COMPOSITE 


THERMAL  LINEAR  EXPANSION 

Hofer  et  al .  [1]  reported  thermal  expansion  data  for  a 

composite  fabricated  by  TRW  Inc.  Thermal  expansion  along  the 
longitudinal  axis  is  lower  than  that  along  the  transverse  axis. 

THERMAL  CONDUCTIVITY 

There  is  one  reference  [1]  in  which  the  thermal  conductivity 
of  a  Borsic  fiber  Ti-6A1-4V  alloy  matrix  composite  having  fiber 
content  of  ~50  volume  percent  is  reported.  The  data  are  for  heat 
flow  both  in  the  parallel  (to  the  fiber)  and  in  the  perpendicular 
directions  ,  and  for  the  temperature  range  ~80  -  800  K.  The 

authors  also  gave  substantial  details  on  the  fabrication  of  the 
composite. 
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Kept.  AFML— TR— 72— 205-Pt-2 ,  470  pp. ,  1974.  [AD-A015  907) 
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TABLE  37.  DATA  ON  THE  THERMOPHYSICAL  PROPERTIES  OF 
BORSIC  FILAMENT,  Ti-6A1-4V  ALLOY  MATRIX  COMPOSITE  (conbinued) 


FIGURE  50.  THERMAL  LINEAR  EXPANSION  OF  BORSIC  FILAMENT, 
TI-6AL-HV  ALLOY  MATRIX  COMPOSITE. 
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CHAPTER  7 

TUNGSTEN  AND  TUNGSTEN  ALLOY  MATRIX  COMPOSITES 

7.1.  COPPER  INFILTRATED,  TUNGSTEN  MATRIX  COMPOSITE 

THERMAL  CONDUCTIVITY 

There  is  one  reference  [1]  in  which  the  thermal  conductivity 
of  sintered  tungsten  infiltrated  with  copper  is  reported.  The 
tungsten  is  8028  dense.  No  other  information  is  given  on  the 
fabrication  of  the  specimen  or  on  its  final  porosity. 

REFERENCE 

1.  Kaau&er.  E.W.,  Smith,  H.  ,  and  Olcott,  E. ,  Naval  Research  Lab. 
Rept.  NRL— 6005 ,  51  pp. .  1963.  [AD-430  879] 


TABLE  38.  DATA  ON  THE  THERMAL  CONDUCTIVITY  OF 
COPPER  INFILTRATED,  TUNGSTEN  MATRIX  COMPOSITE 


CTIVITY  OF  COPPER  INFILTRATED 
IX  COMPOSITE. 


238 


7.2.  MOLYBDENUM  FIBER.  TUNGSTEN  MATRIX  COMPOSITE 
THERMAL  LINEAR  EXPANSION 

Owen  [1]  reported  thermal  expansion  data  for  composites 
containing  70  volume  percent  commercially  pure  molybdenum  wires 
in  a  sintered  tungsten  matrix.  This  was  one  of  the  materials 
developed  by  the  Department  of  the  Navy.  A  value  of  0.492  was 
reported  for  the  percent  thermal  expansion  of  this  material  at 
1253  K.  Owen  [2]  also  reported  a  value  of  0.452  at  1273  K  for 
the  percent  thermal  expansion  of  a  similar  composite  for  solid 
propellent  rocket  motor  nozzle  application. 

THERMAL  CONDUCTIVITY 

There  is  one  reference  [2]  in  which  the  thermal  conductivity 
of  sintered  tungsten  reinforced  with  molybdenum  wire  is  reported. 
No  information  is  given  on  the  composition,  fabrication,  and 
other  characterization  of  the  specimen. 

SPECIFIC  HEAT 

Owen  Cl]  reported  a  value  of  158  J  kg"1  K"1  at  293  K  for  a 
composite  containing  18  weight  percent  molybdenum  fiber. 

REFERENCES 

1.  Owen,  L. ,  Jr.,  Air  Force  Rocket  Propulsion  Lab.  Rept. ,  30 

pp.,  1966.  [AD-377  060] 

2.  Owen,  L.  Jr.,  U.S.  Air  Force  Rept.  on  Proj.,  AF-3059,  40 

pp.,  1967.  [AD-379508] 
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TABLE  39.  DATA  ON  THE  THERMOPHYSICAL  PROPERTIES  OF 
MOLYBDENUM  FIBER,  TUNGSTEN  MATRIX  COMPOSITE  (continued) 
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FIGURE  53.  THERMAL  LINEAR  EXPANSION  OF  MOLYBDENUM  FIBER 
TUNGSTEN  MATRIX  COMPOSITE. 


KJNOUCTIVITY  OF  MOLYBDENUM  FIBER 
MRTRIX  COMPOSITE. 


7.3.  SILVER  INFILTRATED,  TUNGSTEN  MATRIX  COMPOSITE 
THERMAL  CONDUCTIVITY 

There  is  one  reference  [1]  in  which  the  thermal  conductivity 
of  sintered  tungsten  infiltrated  with  silver  is  reported.  The 
tungsten  is  803>  dense.  No  other  information  is  given  on  the 
fabrication  of  the  specimen  or  on  its  final  porosity. 

REFERENCE 

i.  Kammer,  E.W. ,  Smith,  H. ,  and  Olcott,  E. ,  Naval  Research  Lab. 

Rept.  NRL-6005,  51  pp. .  1963.  [AD-430  879] 
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THERMAL  CONDUCTIVITY  OF  SILVER  INFILTRATED 
TUN8STEN  MATRIX  COMPOSITE. 


CHAPTER  8 


ZINC  AND  ZINC  ALLOY  MATRIX  COMPOSITES 
8.1.  ’E'  GLASS  FIBER,  ZINC  MATRIX  COMPOSITE 
THERMAL  LINEAR  EXPANSION 

Whitehurst  et  al.  [1]  and  Lockwood  [2]  reported  thermal 
expansion  data  for  a  composite  material  containing  20  volume 
percent  'E'  glass  fibers  in  zinc  matrix. 

REFERENCES 

1.  Whitehurst,  H.B. ,  Michener,  J.W.,  and  Lockwood,  P.A. ,  Proc. 

6th  Sagamore  Army  Mater.  Res.  Conf . ,  248-76,  1960.  [AD— 233 

158] 

2.  Lockwood,  P.A. ,  Owens-Corning  Fiberglas  Corp.  Rept. ,  164 


pp.,  1960.  [AD-  274  530] 
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TABLE  41.  DATA  ON  THE  THERMAL  LINEAR  EXPANSION  0 
*E*  GLASS  FIBER. ZINC  MATRIX  COMPOSITE  (continued 
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THERMAL  LINEAR  EXPANSION  OF  E  8LASS  FIBER 
ZINC  MATRIX  COMPOSITE. 
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INDEX  TO  MATERIALS  AND  PROPERTIES  (.CONTINUED) 


L0  =  Thermal  Linear  Expansion,  X  =  '  ,»rnai  Conductivity 
Specific  Heat,  €  -  Emittance,  p  =  Electrical  Resistivity] 
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